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PREFACE 


This text is written in accordance with the course 
in tropical meteorology as read at the Leningrad Hydro 
meteorologie Institute. [t discusses the processes of the tro- 
pical atmosphere, basic weather elements, and general prin- 
ciples of weather analysis and forecasting in the tropics. 

Tt is assumed that the reader has mastered the fundamen- 
tals of meteorology and has been through basic courses in 
dynamic meteorology, aerology and radio meteorology, sy- 
noptic meteorology, numerical forecasting and climatology. 
Therefore, to avoid parallels many aspects of mid-latitude: 
meteorology are mentioned only briefly. Main emphasis is 
placed on the subjects characteristic of the tropical belt. 

‘The bulk of literature produced in the 70s after an explo~ 
sion of interest in the tropical atmosphere has necessitated 
a rigorous selection of material for the book, since the opin- 
jons of the researchers on some subjects have been far from 
unanimous, and this discrepancy has found its way into sca~ 
ling estimates and forecasting techniques. The text includes 
mainly those results which aro’ widely accepted by or are 
beyond doubt to the majority of tropical researchers. The 
techniques are generally of fundamental rather than local 
or minor impertance. 

@ text is based on the classical and reeent findings ob~ 
tained in the field by a large group of Soviet scientists, 
among them R. V. Abramov, A. M. Borovikoy, R. F. Bur- 
lntsky, G. N. Vitvitsky, E. M. Dobryshman, V. N. Ivanov, 
D. L. Laikhtman, L. 8. Minina, A. N. Nevzorov, M. A, Pet- 
rocyants, V. M. Radikevich, N. A. Romanova, Yu. A. Ro- 
manov, V. 8. Samoilenko, I. G. Sitnikoy, A. I. Snitkoysky, 
and A. I. Falkovich, and their colleagues abroad M. A. Alya- 
ka, H. Flohn, R. Frost, W. M. Gray, B. 8. Jordan, C. L. Jor- 
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dan, P. Koteswaram, A. F. Krueger, J. S. Malkus, B. J. Ma- 
son, B. L. Miller, C. W. Newton, T. Nitta, E. Palmén, 
C. E. Palmer, C. S. Ramage, H. Riehl, M. Yanai, to men- 
tion only some of them. 

‘At attompt has heen made to introduce all the main areas 
of study involved in tropical meteorology while at the same 
time keeping the book within a reasonably small volume. 
The book is meant to be a working.toxt and for that reason 
includes a number of roviow questions at the end of each 
chapter. A substantial bibliography (mostly in Russian) 
is included for the reader who wants to dig deeper into the 
subjecis that have not heen oxaminod exhaustively. 

I am greatly indebted to the faculty members of the 
Loningrad Hydrometeorologic Institute, B.M. Vorobyev, 
L. Kachurin, V. G. Morachevsky, B.D. Panin, and 
V.M. Radikevich, for the valuable comments and criti- 
isms made during the preparation and editing of the manu- 
script. 


G.G. Tarakanov 
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Chapter 1 INTRODUCTION 


1.4. Tropical Meteorology Defined. 
‘An Outline of the Tropical Atmosphere 


‘Tropical meteorology, as its name implies, 
deals with the structure of the tropical atmosphere and 
processes that occur in the tropics. Several opinions exist, 
however, on where the tropical region is to be conlined 
‘Therefore, before we siart the discussion it would be appro- 
priate to dwell on the area that will be our major concern. 

Geographically, the tropical zone is known to lie between 
the Tropics of Cancer and Capricorn, Meteorologist often 
hound the region by the 30th parallels, which is far too arbit- 
rary and cannot be assumed as a general definition, Be- 
sides, tho atmosphere of the region is known not to exhibit 
strongly latitudinal behaviour. Another meaning takes the 
tropics to comprise the region between tho latitudes of the 
subtropical highs considering their axes between easterlies 
and wosterlies at the earth surface. 'This definition is, again, 
inaceurate since the pressure in the high pressure belts under- 
goes seasonal variations making the stated bounds evasive. 

HL. Riohl (1954) dofined the tropics as ‘that part of the 
world where most of the time the weather sequences differ 
distinctly from those of middle latitudes, the dividing line 
hotween easterlies and westerlies in the middle troposphere 
sorves as a rough guide of the boundaries’. As the choice of 
this fluctuating line allows for seasonal variations the bounds 
so outlined cannot be fixed, too. They migrate with seasonal 
chango shifting towards higher latitudes in the summer hemi- 
sphere and lower latitudes in the winter hemisphere. 

‘A definition of tropical atmosphero, unavailable so far, 
would be on a more strong basis if it involved all the set of 
kinematic and thermodynamic properties that differ the 
tropical atmosphore from that of extratropical regions. 

Energy budget. The tremendous amount of radiant energy 
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the tropics receives from the sun many times exceeds that 
it reflects back into space. The region thus acts as a heat 
accumulator. Polar regions, on the contrary, give off more 
heat than they absorb, working hence as “refrigerators”. The 
resulted heat deficit at high latitudes is compensated by oco- 
anic and air currents which transfer energy from low lati- 
tudes poleward. The atmosphere in this process behaves as a 
“heat engine” transporting excess heat toward the regions 
with heat deficit. 

The mechanism involved in the heat transfer is extremely 
sophisticated. It is even more so because it includes conver- 
sion of energy. Asa result, rather complex air motions devel- 
op with cyclones and anticyclones, strong and weak wind 
fields, clouds and precipitation. It is this air motion system, 
called the general circulation, that is responsible for the 
development of large-scale weather systems which together 
with small-scale local influences produce what is observed as 
a local weather. 

In a study of atmospheric processes we will inevitably 
need to know the amount of excess heat in the tropics and 
the energy deficit at higher latitudes. We are also bound to 
understand why and how this excess heat is produced and 
what processes take part in exporting the energy to fill the 
deficit at the poles. The tropical atmosphere —its behaviour, 
heat budget, mechanisms of heat transfer to higher lati- 
tudes, etc. —is thus an indispensable link in the chain of causa- 
tion that is responsible for the globe weathor production. 
The more we know about the tropical atmosphere and its 
efiect on higher latitudes the more reliable are prediction mod- 
els of various time-range and the higher is the forecast skill. 

‘Tropical motoorolgy is therefore an instrument to have 
an insight into the cause of atmospheric processes developed 
at various latitudes far off the tropical region. An immense 
role the region plays inthe development of global atmospher- 
ic processes and the fact thal the tropical atmosphere had 
boon studied relatively poor prompted the Global Atmospher- 
ic Research Program (GARP)* to make the first largo-scalo 


® The Giobal Atmospheric Research Program (GARP) is a joint 
undertaking of the World Meteorological Organisation and the Inter- 
national neil of Scientific Unions ({CSU) conceived in the 1960s 
and launched in the 1970s.—ransiator's note. 
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field project in this international undertaking tho GARP 
‘Atlantic Tropical Experiment (GATE). 

The studies of tropical atmosphere are of great importance 
for navigation. Among the principal consumers of opera- 
tional forecasts in tho tropies aro aireraft, and ships for whom 
there exists a navigational guidance system helping them to 
find optimal and least hazardous courses 

Yet of immense importance is tho prediction of severe 
tropical cyclones developed annually in the southwest Pa- 
cilic, near the Philippine Islands, off the Australian coast, 
and in the Caribbean. 

‘Some historic records. In May and November £969 two 
modium intensity cyclones rushed onto the coastal land of 
India. They killed about a thousand people and caused 
losses of 300 million dollars. 

In Octobor 1942 a severe cyclone hit the westal seaboard 
of India. It took 15 thousand lives and killed 60 thousand 
cattle. 

Memory is still alive in the Pakistani people of thesevere 
storm raged in 1876. Driven by the powerful winds, the 
waters of the Gulf of Bengal surged over the coast in tides 
of unseen heights to kill 00 thousand people with about as 
much loss of life due to the epidemics followed the catastro- 
phe. 

However, the disaster happened at the west Pakistan coast- 
ine on the night of 12 to 13 November 1970 was even more 
serious. Papers called the cyclone raged in the night ‘killer 
‘of the contury’. In spite of warning, it took about 200 000 
lives. In the midnight, the wind speed in the cyclone area 
was estimated at. 65 m s~. This howling wind piled the wa- 
ters up into huge (ap to 9 m high) tides thet swept the sea- 
board and ofishore islands causing flash flooding of the coast- 
al area. 

‘Another tragie side of tropical weather is prolonged 
droughts periodically devastating somo tropical regions. In 
1969-1973 a catastrophic drought struck the Sahel, a region 
of 4 million square Kilometers in west Africa criscrossed by 
the boundaries of half a dozen independent nations—Mauri- 
tania, Senegal, Upper Volta, Niger, and Chad. Twenty five 
million inhabitants of the area envisaged starvation death. 
Most heavily sulferad population of the areas bounded on the 
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north by the Sahara, By the time the drought relieved in 
41974 the herds of the Sahel had been reduced by starvation 
to ono fifth of their former size, and the worst Sahelian fam 
ine of the century had killed more than 100 000 people in 
spite of a massive international relief effort that {saved 
thousands of others. . 

The aimosphere in the tropics and processes that take part 
in it differ distinctly from those of middle and high latitudes. 
The main distinctions are as follows. 

4. In low latitudes the Coriolis parameter is small to 
pletely vanish at the equator. Therefore, in the topical 
region air movements can no longer be assumed geostrophic, 
‘Applying tho geostrophic approximation in the equatorial 
zone may lead to entirely wrong results. On the high latitude 
margins of the tropical region the geostrophic relation- 
ships should be applied with extreme care since asmall val- 
ue of the Coriolis paramoter may entail large errors. The 
nonlinear terms in the equation of motion are in this region 
equal in the order of magnitude to the pressure gradient. 

2. Assuming the atmosphoro is in hydrostatic equilibri- 
um, the vertical momentum equation is transformed in the 
hydrostatic equation, For large-scale motions this assump- 
tion works rather well, For small and meso-seale motions, 
however, il, is nol valid in many circumstances. Neither 
could hydrostatic approximation be applied to intense con- 
yection. In the tropical region the above conditions are met 
all throughout the year. Hence, for small and meso-seale 
motion analysis the vertical equation of motion retains all 
the acceleration terms. 

3. Owing to the intense conyection the friction layer of 
the tropical atmosphere is of higher depth than thatofhigh- 
er latitudes. At 2 km altitude the viscosity terms in the 
equation of motion have been estimated to be of the same 
ordor as other terms, thongh lower than the pressure gradi- 
ent term. 

4. Large water content in the tropical atmosphere makes 
the role played by water phase transients more pronounced 
than in any other region of the earth. 

5. With movements in the tropical atmosphere being ageo- 
strophic, divergence and convergence processes exhibit 
themselves rather strongly. The formation of weather condi- 


tions can most often be explained by a sign and value of the 
divorgonce. The only exclusion is, perhaps, tropical cyelones. 
Yet in their development, too, divergence is of major 
importance. 

G. The atmosphere in the tropies (beyond the intertropi- 
cal convergence zone and tropical cyclones) is distinctive 
for very weak variation of ils weather quantities in the hori- 
zontal. 

7. Some meteorological quantities of the tropical 
aimosplere vary in time with a. larger periodicity than 
similar quantities do in higher latitudes. 

8, Non-seldom aro the conditions for meso-seale processos 
to develop into that of large scale. 

Other representative features of tho tropical atmosphere, 
which are to some extent derivatives of the onumerated above, 
will bo discussed in more detail in the subsequent chap- 
ters of the book. 


4.2. Weather Observing System 
in the Tropical Region 


Any weather anelysis and forecasting require 
information on the state of atmosphere. The quality and 
quantity of initial data is decisive for a roliable grid of an 
objective analysis to be produced and a skilled forecast to 
result. Of still more importance is the quality of initial data 
for research meteorologists. 

Much of the data comes from a network of weather sta- 
tions (meteorological and acrological). Discussing the func- 
tioning of a network wo need an answer to three questions. 

How dense should be the network? 

2. How often should observations be sampled? 

3. How accurate should be these observations? 
Whothor a network be in the tropics or anywhere a unani- 
mous answer to the above questions caanot be given because 
of the other factors involved. Among them the requirements 
to the quality ofcollected data, the character and importance 
of the problem being solved, and economical possibili- 
ties of a service to whom the weather network belongs. 

Density of weather station neiwork. Historically the grid 
of weather stations in the tropics is far less dense than in 
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the middle and high latitudes. Besides, oven land stations 
are spaced fairly unevenly. The closer to the equator the 
farther stations are spaced from each other. Huge expanses 
of ocean have no weather stations at all, not to mention those 
on sparse islands. This all results in lack of data, a se- 
rious problem of the tropical meteorology. ‘The lack of tro- 
pical data makes the subjective and objective analysis of 
synoptic charts extremely difficult. In some regions the poor 
data coverage makes impossible any analysis, especially 
objective. 

According to standards of the World Meteorological Orga- 
nisation (WMO), meteorological stations should be distanced 
not far than 500 km when on land and 1000 km when at 
sea. For acrological stations this distance is, respectively, 
1000 and 1500[km. ‘The existing network of weather stations 
in the tropics does not meet the standards. Moreover it 
placed irrationally--in some regions it is denser than nec 
ed and in the majority of area far behind the required den- 
sity. 

A question arises: what should he an optimal density of a 
grid? Vast distances between stations would result in a poor 
data coverage thus affecting forecast skill, making the weath- 
er reports unreliable. An increase in the number of sta- 
tions would improve the quality of initial data, yet the cost 
of construction, supply and management of the stations, 
especially aerological, imparts the economy of the service. 

Search for a rational weather station network is one of the 
major problems facing the tropical meteorology. The prob- 
lem is compounded by a need to take into account the meth- 
ods to be applied for arriving at a goal for which the net- 
work is oriented. Extension of objective analysis and weath- 
er prediction onto the tropical region requires, above all, 
the network which could supply adequate synoptic data. To 
test for a retional spacing, meteorologists often appeal to 
the so-called optimal interpolation, a method to estimate a 
distance between the stations, d, optimal from the viewpoint 
of root-mean-square (RMS) error of observations, e, and 
RMS error of interpolation, Emin: 

A relationship between the three parameters for the 500- 
mb surface is illustrated in Fig. 1.1. The curves are plotted 
for the data of radio sounding in the tropics (0-30°N) 
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Fig. {.1 Root-mean-square error in the interpolation of 500-mb sur- 
fact height, Emin, as a function of observational RMS error, e, and 
distance between stations, @ 


statistically averaged for a period of five years (1958-1963). 
‘The columns of figures in the field represent the values of 
Emin; thin Lines, the isolines of Emin; heavy line, the condi- 
tion of Emin = € serving to choose an optimal distance. 

With reference to Fig. 4.4, we can estimate how an inter- 
polation error depends on random observational errors and 
the distance between stations. It is seen that the less steep 
are the curves Emin = constant the more strong is the effect, 
of the RMS crror of measurements on the accuracy of inter- 
polation. 

Assume that we spaced acrological stations in accordance 
with the WMO standards ata distance of 1000km of each othor. 
‘Then referring to Fig. 4.1, the network may be deemed opti- 
mal if the geopotential height of the 500-mb surface would 
be measured accurate to € 28 m. The respective accura- 
cy of the Garp Atlantic Tropical Experiment (GATE) has 
been ¢ = -+ 20 m. Should we extend this accuracy on the 
entire network, an optimal distance between the stations 
should have been around 400 km. Tn the tropical region such 
a density of aerological stations cannot be reached by7vari- 
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ous reasons, at least in the near future. Hence, with tho exist: 
ing density of the grid, increasing tho aceuraey of measure. 
monts cannot improve the quality of objective analysis. 

In Fig. 1.2, a rolationship between Ewin & and d is 
depictod for wind velocity at uhe 500-mb ‘level (Vso). The 
curves are plotted with the samo statistically handled data 
of upper wind radio sounding as in Fig. 1.1.” Isolines Emin 
= constant for Vjoq illustrate that in this case lowering the 
observational error has a less pronounced effect on the accu 
racy of interpolation than has the densily of tho network so 


far as the stations are distanced closer than 1000 km. An- 

other situation isin the aroas where the grid is rather 

(the stations distanced much wider than 1000 km) 

provoment that could be gained with the same efiort is al- 

most negligible. That is, a sufficient increase in weather _ 
stations is required for an improvement in the interpolation 
aceuracy to become sensible. 

Frequency of weather observations. Frequency of obsorva- 
tions is primarily decided by the purpose for whieh the col- 
lected data is intended. From practical considerations, suf- 
ficient information can be collected with 8-hourly synoptic 
observations. The thus oblained data retain its actuality 
margin and signals diurnal variations of weather elements 
with sufficient accuracy. For research purposes requiring 
the diurnal variation with more detail, such as a record of 
rainfall, intonsity of rain and ils amount between hours, 
development of clouds, storms and other weather phenomena 
between the principal synoptic hours, the observations 
should be more frequent. Moreover in the tropics there are 
some occasions when the observations need be made continuous 
as, for example, in tracking a tropical cyclone. 

Continuous and frequent observations can, for instance, 
be provided by automatic stations. ‘To collect the obtained 
information from those stations in time and transmit it to 
the data centers a third generation meteosatellite system has 
been devised. A retransmitting satellite of the system intor- 
rogates buoy-borne automatic stations at sea and automatic 
stations positioned in inaccessible terrain areas to transmit 
these synoptic observations first to the regional data centers 
and then to three World Meteorological Centers, located in 
Melbourne, Moscow and Washington. From the world con- 
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tors after appropriate processing data sets will go back down 
to the regional and national weather centers. 

‘A similar experiment with obsorvations collected from a 
fleet of free balloons drifted at various altitudes was con- 
ducted in Melbourne. An earthsatellite was used Lointerrogate 
all the balloons and obtain their coordinates. The experi- 
ment supplied the data on the main weather clements and 
their distributions with height. 

“Accuracy of measurements. Prior to starting the GATE 
project, a policy statement had been adopted concerning 
fairly stringont roquirements to the accuracy of measurement 
At high altitudes, root-mean-square observational errors 
should not have been higher than ey = -b 2m st for wind 
speed, & = + 1°G for tomperature, and e, ~ 1 mb 
for pressure; and at the surface, respectively, ty 
ep= -£0.5°C, and ¢, — = 0.1 mb. Tho planned aceura- 
cy was actually achieved in the project proving itself supe- 
rior in this aspect to daily tropical observations. 

Satollile observations well support data of aerological 
and meteorological stations. The meteoss tellites are inserted 
in oither the goostationary or polar orbits, the former being 
preferable for the tropical watch. Orbiting so that itremait 
Wirectly above a fixed point on the equator a geostationa- 
ry satollite may bo set to observe atmosphere at any preset 
time, that is, supply information on the state of the atmo- 
sphore at any synoptic or other hours. Photographie images 
taken in succession are well suited for comparison analysis 
as they depict ono and the same aren. Honce, meteorologists 
can trace by these images how the cloud cover is migrating 
to draw the information about the air currents at the level 
of the clouds. 

Modern geostationary satellites supply images of high 
spatial resolution. Tt amounted to as high as 7 km in tho ine 
frared (IR) and 1 km in the visible-spectrum images during 
the GATE'74 expedition. 

From satellite photos meteorologists can deduce dimen- 
sions of single clouds, cloud clusters, and vast cloud fields. 
From an image soquence they can infer the diurnal progres- 
sion of the cloud clusters and the cloudiness day-to-day va- 
Nation. Finally, satellites aro far superior to the other fa- 
cilities in locating various synoptic objects over the oceans 


such as, for instance, the intertropical convergence zone and 
topical hurricanes. At present various satelfite-data-based 
methods are developed to traco these objects and forecast 
their evolution. 

‘A good practice in working with satellite data recommends 
to compare the yisible and [R images. For this purpose on 
the modern satellites of the type NOAA 4, NOAA 8 and 
somo others information about the underlying surface and 
cloudiness is transmitted via the samo ‘TY channel by inter- 
laced scanning of visible and IR images to observe the same 
pattern and compare physically different data on one 
photograph. 

Various objects on satellite images are contrasted due to 
the inherent brightness, Brightness of a cloud, for example, 
is much higher than that of the undorlying ‘surface, there- 
fore the former looks bright and the latter cark on a photo- 
graph, Brightness of a cloud in the infrared and visible 
specira images depends, however, on entirely different and 
numerous reasons. fi ¢ visible image, they are the all 
‘lo of the cloud, its thickness, microphysical properties, and 
ihe phasé state of water particles. In addition, it depends 
on how the sun beams enter into the cloud and from what 
angle the satellite camera sees it, The deep clouds normally 
relle ter and thusare better discernible than cirrus louds 
hich are transparent for visible photography. Brightness 
on the IR images is decided by the temperature of radiating 
surface. Girrus clouds are cool and, hence, will bo bright 
on an IR photograph. 

For complete specification of the atmospheric state, coin~ 
ident observations need to be made in both spectral re- 
gions. IR images are slightly inferior o their visible.counter- 
5 iy. But tho superiority of the ix- 
od region is in that the pictures of the earth's abmosphese 
n be produced at any time whereas the views in the visi- 
ble ange may beoblained only in the day time, that is rom 
the illuminated surface. 7 

An important part of the weather information comes from 
radar stations. Their data provide ior both operational 
analyses and research. The radars have high resolving power 
and can produce continuous observations. In that way 
‘hey can fill the gap in the weather data from terrestrial 
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stations and satellites, which are discrete in Lime and space 
or provide a gonoral picture with inadequate spatial resolu- 
tion. In the absence of radar meteorologists have to inter- 
polate the grid data over the grid spaces oxploiting their 
Paowledge of weather procoss rogularities, With a radar they 
can continuously view an atmospheric object evaluating it 
coro gn time and space within the radar rango. This capack 
ty makes the radar_an indispensable tool in. studying or 
Jollowing cumulonimbus clouds, cloud clusters, and evalua- 
ion and tracking tropical cyclones. In the tropics, whero 
dangerous phenomena form usually followed by the develop- 
‘pout of intense cloud systoms, a nieed for a notwork of radar 
stations is fell more than elsewhere. 

The radars of modern land stations operating on 27 
and 3.05 GH ovaluate tropical eyclones within 400 km 
range and continuously follow their drift. Observing a dan- 
gerous trend, the radar service can issue a warning of close 
Storm or hurricane to prevent or damp the potential losses. 
"The radar is suitable for remole control, so it can be placed 
iaeamote areas. In Japan, for example, a typhoon tracking 
radar is placed on the Fuji mountain and remotely con- 
trolled from. the office-building of the Japan Meteorological 
Agency in Tokyo. 

Varwous radar techniques are employed to evaluate the 
precipitation regions masked from above by a continuous 
cloud cover. One of them is based on a diflerence in intensi- 
ty of signals reflected from the rain and the land surface. 
‘The radar installation in. this service operates in the bifre- 
quency mode. Physically, the amplitude difference occurs 
Hocause the elfective scattering suriace of the earth depends 
vetne wavelength, 2, only slightly whereas that of the pre- 
cipitation is proportional to A~*. ‘Another way is to uso a 
polarized beam and the correlation technique, to exploit 
The differonce in polarized (correlated) and random (amcor- 
related) reflections. 

Still another possibility is to put a radar set on board of 
a satellite, ‘The satellite radars operating on em- and mm- 
‘ands measure water amount in ‘the atmosphere of the tro- 
pics, moisture content of clouds and rainfall, and vertical 
Pistuibution of temperature and humidity in tho aimo- 
sphore. A disadvantago of the radars is in their large weight, 
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monsions, powor requirements and relatively short life 
the microwave generators. More practicable, therefore, 


would be to install instead of this active radar facility a 


thermo-microwaye imager, say of the by 
plied on board of the Soviet Kos 


successtully.-ap- 
05-243_satellite 


“Orespeetal promise for tho satellite sounding are the ac- 
tive/passive radar sets materialized as radiometers. ‘These 


devices can provide dat 


‘2 on sea surfaco roughness at any 


\veather conditions and, supported by the colour technique, 


ons 


a_temporature. 


‘The best elfect could be obtained comparing tho data of 
the surface radars and satellites. With multi-level cloudi- 
ness, the overhead viows from tho satollites providing no 
information on the depth in the yortical are hard to handle. 


Th 


e radar vertical eross-section can supply the lacked data 


leading 10 procise three-dimonsional. pattern of cloudiness, 


. What approaches exist to define the tropical region? 


. Enumerate the main features 
” What should he'the density of weather stations to meet 


Review Questions 


Where lies the seientific and practical importance of the 
tropical atmosphere studi 


of tropical atmosphere. 


the WMO standards? 


Which distance between the weather stations may be 


assumed optimal and how can it be defined? 


. How often should the observations for operational anal- 


ysis be sampled at weather stations? 
Which accuracy is required in measuring the main weath- 
cr elements at tho surface and at high levels? 

Discuss the role of satellite and radar sounding in the 
tropical weather observation system. 


Chapter 2 VARIATION OF THE MAIN 
WEATHER ELEMENTS 


2.4 Temperature 


Temperature of the surface air layer in the tro- 
pies is mainly governed by the radiant nergy budget, though 
some minor influence is felt from other factors. The budget is 
positive over the enormous sun energy income during the 
yoar, so air in the tropies is warm. Since the radiant flux 
Varies periodically with the astronomical factors, the tem: 
perature follows it with the certain periodicity. Non-perlo~ 
dical variations are seldom and insignificant. 

Since the isotherms by large run so nearly parallel to 
the latitude circles we can average temperatures around the 
globe to yield a pattern of the mean temperatnres of lati 
indinal circles. Most striking in the temperature field pattern 
is that the line of temperature maxima coincides (or almost 
coincides) with the axis of the equatorial trough and fol- 
lows it in the annval variation. In January the air is warm- 
est near 5°S, exactly the latitude of the trough, and in 
July it is warmest al 20°N, slightly to the north. It is be- 
lieved that this displacement results from the very high tem- 
peratures oyer the northern subtropical deserts. Besides, 
jand masses are larger in the Northern than in the Southern 
Hemisphere, hence, the surface layer temperatures north 
of the equator are higher. Throughout tho tropics the North- 
orn Hemisphere is about 2°C warmer than the Southern 
Hemisphere. ‘This also increases the seasonal temperature 
range in the Northern Homisphere: it amounts to 13 °C 
at 30°N and 7°C at 30°S. 

Mean annual tomperatures are distributed symmetrical- 
ly not with respect to the geographical equator but with, 1 
spect to the “thermal, or heat, equator” situated at 5'N*. 


© Olten the thermal equator coincides with the equatorial troughy 
‘Then it Is labelled the meteorological equator, 


o Tuly and Januery (after Niewolt) and the thermal equator (dashed) 


i 


Fig. 21 Temperature (°C) at sea level 


2h Ch. 2 Variation of the Main Weather Elements 


‘Annual temperature range approaches the vanishing point 
everywhere near the thermal equator. 

The above location of the thermal equator at 5°N is large- 
Ty conditional. Tt is only valid with latitudinal averaging 
of tho mean annual temperature. At daily temperature 
charts the thermal equator is definelT aa Lime connecting 
the maxima. By a similar procedure it ean bo traced. on the, 
taps of tiean monthly Fomperature, On these graphs it 
Toes Tot-coincide with any latitude, rather, it isa wander- 
ing curve which goes poleward over the land areas in the 
summer hemisphere and near the geographic equator over 
the oceans (Fig. 2.1). 

“The. seasonal tomporature range varies substantially 
with longitude as land changes for sea. Within a season, oF 
2 month, tomperatures at different longitudes of the same 
Jatitude circle also differ markedly. 

‘A revealing picture of longitudinal variations in mean tem- 
perature and its seasonal course is furnished by Fig. 9.2, 
Mhore temperature is plotted against longitude at 15°S. 
Outstanding are the tremendous doprossions of temperature 
just west of the South American and African continents, 
hich are accentuated in winter. These depressions result 
vot only from the equatorward transport of polar maritime 
air over the eastern parts of the oceans: the familiar upwol- 
Ting of cold water along wost coasts is also responsible. 

Elsewhere Fig. 2.2 confirms the features of the temperature 
Gistributions just discussed: the small temperature range 
Gver the oceans compared with the continents—especially 
‘Africa and Australia, the difference being less pronounced in 
mid winter. 

Annual variation of air temperature in various areas of the 
tropics depends on the physico-geographic and meteorolo- 
gic factors, Conditionally, it is divided in two types—oce- 
anie and continental. 

The oceanic type of annual temperature variation is ob- 
sorved over a huge expanse of the oceans and offshore regions 
exposed to the trade winds. This variation is noted for its 
tnaximum in late summor and minimum in mid-winter, 
Tho annual. temperature rango docroases equatorward. 

‘Typical oceanic temperature curves are observed, for exam- 
ple, at Havana and Honolulu, Both stations havo their 
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2.2 Longitudinal profile of mean sea level temperature (C) 
2.2 Loveitatnol' 2 of mean sea level temperature °C) at 


hottest mean monthly temperature in August—28 and 
27°C, respectively, and lowest in January—22 and 21.5 °C. 
‘MM Barbados Island (13°N) lying 11° closer to the equator 
than Havana the summer maximum is practically absent: 
mean temperature from May to October oscillates hero near 
30°C, and a minimum of 25 °C is observed in March. At 
Fanning Island (4°N) that is almost at the moteorological 
equator, temperature is practically constant throughout 
the year. The mean temperature of the hottest month, Octo- 
hor, is 27.5 °C, and the coldest, January, 27 °C. 

On the geographical equator the annual temperature va~ 
riation is practically also not observed. If the mean monthly 
lomperature on the equator varied strictly with the sun, 
we should find two minima at the solstices and two maxima 
at the equinoxes, Cloudiness and rainfall, however, enter 
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as factors of at least equal im- 
e portance. In the rainy season, 
frequent daytime showers hold 
the maximum temperatures 
a down, thus flattening the an- 
nual variation curve. The 
curve ascends a little at the 
WK epee nes —autunm equinox only. 
TFUANTITASOND The continental type of an- 
nual temperature variation i 
Fig 2.3 Seasonal cou of observed over continental areas 
feat moatyy “wempeesture st Sievated eyond the equato- 
Khartoum (15°N) 32) rial zone. This type of curve 
shows two maxima and two 
minima. The minima quite properly fall in the center of the 
respective winters. Then tomperature rises sharply through 
{he spring months and ascends the first maximum in Uhe 
early summer For the majority of the land areas this is the 
Soasvn af their greatest heat. Then temperatures drop under 
tho influence of the increased cloud cover even though the 
precipitation may be quite small. ‘This is the secondary mine 
enum, At the end of the rainy soason while the sun is still 
high in the sky the tomperabure rises again and the second- 
ary maximum develops (Fig. 2.3). 

Phe Khartoum curve can serve as an example for the type 
of temperature trace typical in continental countries. 
tainimem of 22°C falls at mid-winter (Tanuary), «maximum 
of 34°C at May-June. ‘Then in July-August, due to the in 
Greased cloudiness and often rainfall temperature drops to 
SLC (a secondary minimum) and in September-October 
wises again amounting to 33°C (a secondary maximum), 

In equatorial regions of continental interior the annual 
tomperature trace varios insignificantly. ‘The mean monthly 
temperature at Addis Ababa, for instance, is close to 22 °0 
throughout all seasons. Temperature difference from month 
to month doesnot exceed a fraction of a degree increasing to 
a full 1°C only in July. 

From the mean isotherms for January and July 
(Fig. 2. 4) it is a simple matter Lo notice that near the equator, 
vat over the oeoans and even away from it, the horizontal 
temperature gradients are rather small, Polowards they in- 


crease sharply, especially over the continents in winter 
time. 


Tho main factor providing for the thermal homogencity 


in the tropics consists in practically equal net radiant ener- 
gy recoived by various regions. The secondary factor is in 
that the large part of the underlying surface consists of the 
oceans. They behave as a giant heat store. Air moving over 
the ocean receives from it both sensible and latent heat. 
Intruding a more cold continent the air would gradually 
give ils heat off. A well developed heat transfor between the 
oceans and continents results in smoothing the temperature 
contrasts. The continental area in the tropics is relatively 
small for the really cold (subzero) air masses to be formed 
over it and prevent the smoothing action, 

Data on the temperature distribution in various regions 
of the tropies are rather searco. The GATE tropical Allan- 
lic expedilions of 1972 and 1974 collected vertical tempe: 
lure profiles mainly over Une oceans, According to the avail- 
able data we can single out three major types of temperature 
distribution: that in the trade wind belts, in the intortropi- 
cal convergence zone, and over the continents (Fig, 2.4). 

The trade wind belis difier by the most complicated struc 
lure of temperature field in the upper air (free atmosphere), 
curve 1. In the lower layer extending up to 1 km, the tem- 
perature lapse rate is as offen as not near the dry adiabatic. 
Further up, an ascending sonde will pass through one or 
soveral stable or inversion layers, that is layers with small 
or nogative temperature lapse rate. As a rule, the inversion 
layers alternate with thin layors of positive lapse rate. The 
upper bound of such a separation layer (or layers) can bo as 
high as 3 km. The temperature inversion layer of the region 
has come to be known as the trade wind inversion. Below 
the inversion layer the atmosphere is filled with water va- 
pour; so the tropical loposphore of the region can be gen- 
orally divided into a lower moist (0-3 km) and an upper dry 
Jayer 

Above the trade wind inversion, in a3 to 6km layer the 
lapse rate again becomes higher with increasing altitude to 
reach values of 0.8 °C/100 m and higher as reported by"some 
GATE’72 soundings. Above 6-km’altitude another inversion 
is observed (the secondary trade wind inversion) which, how- 
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Fig. 24 Vertical temperatare profile 
ah tte: tendo wind belt (GATE'T2 dala); 2—In the 1TCZ (GATINTE dala) 
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ever, is much weaker than the main inversion below — 
Slten it is just a constant temperature layer with a depth of 
Ceveral hundred meters. Under this layer, which similarly 
may bo called a secondary separation layer, moisture and dust 
blewn off the African continent are concentrated, GATE 
observations have braced here the upper boundary of the 
ferosol layer. The upper boundary of the secondary inversion 
situated at about 7-km altitude. The atmospheric stratum 
between the upper bounds of these inversions is termed the 
middle layer of the trade wind troposphere. The relative hu- 
inidity in this layer is less than in the lower layer, yet: under 
tho secondary inversion it amounts to 60%. 
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Above tho secondary inversion layer up to the tropopause 
at 157 km altitude, tho temperature lapse rate is every- 
whore positive, boing rather high (0.7-0.8 °C/100 m) up 
to 12-km height to sharply decrease afterwards, Some re- 
searchers, however, point out that in a thin layor under the 
tropopause the temperature lapso rate increases again to at- 
lain values not far Irom the dry adiabatic lapse rate. 

In the intertropical convergence zone the vertical tempera- 
ture profile hasa diflerent form (curve 2). According to some 
soundings separation layers do exist in this region but not as 
a mean condition, and if observed, are rather shallow. 
Tn the lower layer (up to 600-700 m) the temperature lapse 
rato goes steeper than the moist adiabatic. Above that 
layer, the lapse rate decreases in value as temperature mono- 
ionously drops with height. The temperature lapse rato is 
notably higher in the upper part of the troposphere than in 
the lower. On the averago, the Lapse rate is about 0.6 °C/100m. 

Over the continents in the free atmosphere, inversions are 
absent and the lomperature lapse rate is fairly high (curve 
3), In a lower 2-km layer, the lapse rate is 0.7-0.8 “G/100 m, 
thon it lowers somewhat to rise again above 3-km level to 
0.8 °C/L00 m. Tn contrast to the trade wind belt, this region 
demonstrates an increase of humidity with height. 

In tho upper atmosphere, temperature varies insignificant 
ly from season to season, the annual range decreasing with 
height (Table 2.1). 

Diurnal temperature variation of surface air depends main- 
ly on where the measuring station is located, Over the 


‘Table 21 Mean seasonal air temperature (°C) at the daytime, 
from soundings at Khartoum (alter Solot) 


Height, km 
Grouna teves |], 
2 | 3 | 5 
Novombor-April mM 19 12 1 
May-June 30 23 44 6 
st 33 20 2 7 
36 at 12 =) 
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oceans this variation is practically absent. The diurnal range 
here is only several tenths of a degree. For land surface air, 
the variation depends on whether the station is in the inte 
rior of a continent or at the shore, height above sea level, 
and cloudiness. 

4. Continentality. Al shore stations the diurnal tempera- 
ture range issmall, Moving deeply inside a continent, Ue range 
sharply widens and does so the more the farther from the 
ocean, Shores of large lakes and extensive areas of swamped 
or moist soil, however, introduce a disturbance to the pattern 
since here the diurnal temperature range is markedly smaller. 

2. Elevation over sea level. ‘his factor affects depending on 
the orography and physical conditions of the site. In vast 
mountainous countries the diwrnal temperature range in- 
creases on thc average with height as the incoming and outgoing 
yadiation becomes with height more intense, This effect is 
especially pronounced in mountainous regions of dry eli- 
mate where cloud cover does not reduce the incoming radia~ 
tion. In valleys of mountain land, drainage winds come into 
play. They lower temperature in the night-time increasing 
thereby the diurnal temperature range. With isolated moun- 
fains, the effoct of hoight on the diurnal temperature range 
is entirely different. Since in this case the exchange with 
free atmosphere is more intense end the influence of the sur- 
faco is lessened, the diurnal temperature range will be nar- 
row with height. At times this effect is strengthened by 
clouds formed under the influence of orography. 

3. Cloud cover. Dense cloud cover markedly attenuates 
both the incoming and outgoing radiation thus reducing the 
diurnal temperature range. In the topies, dense clouds are 
more often mot at the equator. Therofore here is the nar~ 
rowest'diurnal difference. The farther poleward to the so-cal- 
Jed dry tropics (15-25° latitude) the wider becomes the diur- 
nal range to reach a maximum over massive deserts. 

"The diurnal temperature course at low latitudes drastical- 
ly differs from that at middle latitudes. Contrast to the Lat- 
ter, at low latitudes the diurnal variation is almost invaria~ 
hie from day today. Among the other factors that influence 
this behaviour are small annual variation in the duration 
of day and night time and far lesser oceurrence of nonperi- 
odical weather change. 


2.2 Pressure 


Gradual pressure drop from the subtropics to 
the equator is characteristic of the tropical region. ‘The 
subtropical highs go round the globe both south and north 
of the equator. Thoy migrate equatorward in winter and 
poleward in summer. In the Northern Hemisphere this sea- 
sonal displacement is more pronounced than in the South- 
ern Hemisphere. Besides in the Southern Hemisphere the 
high prossure bell situates closer to the equator than in the 
Northern Hemisphere. 
Between the high pressure  ° 


belts in the equatorial region — 40 ! 

there is a low pressure area ‘i 

—so called equatorial depres- 1 
of / 


sion or equatorial trough. In 
the annual mean, the trough 
is centered near 5°N, thatis, 9, 
iLeoineides with annual tem- 
perature maxima (see also Sec. 
2.1). Lt does not remain on the 
same latitude during the year 
shifting southmost in Janua- 
ry and northmost in July. 
Latitudinal profiles of mean 
pressure for winter and sum- 
mer seasons are presented in 
Pig. 2.5. It is readily seen that 
pressure is higher in the winter | 
than in the summer hemi- 2 
sphere, From the mean pressure 
charts of Fig. 2.6 the pressure 
gradients become woakor as 59 
the distance to the equator is 
smaller and reach their mini- 
mum value near the equator. 
‘The Lowest values amount to 
tenth fractions of a millibar Fig. 2.5 Mean sea level pressure 
per 100 km and in some situa- 1" Jawuary, (solid) and July 
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Lions they are zero very nearly. 
Obviously, it places stringent 


(dashed) (alter Rieh!), and the 
annually mean equatorial trough 
line (dot-and-dashed) 


sat eea level for Sanuary (a) and Tuly @ 
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requirements upon the accuracy of pressure measurements 
noar the equator. 

‘As in the middle latitudes, the pressure in the tropics does 
not romain constant through the year. Its variation sums 
up of both periodical and nonperiodical changes. ‘The latter 
are most weakly oxprossed, their influence becomes more sub- 
stantial at periods of greatest cyclonic activity in the tro- 
pies 

Periodical character of the pressure in the tropics is more 
pronounced than in the middle latitudes. However, through- 
‘out the tropics its magnitude varies in time and space. 
More elaborate analysis puts into a forefront the senidiur- 
nal, diurnal and five-day pressure oscillations. So far, the 
origin of these waves has not found its rigorous physi 
interpretation. 

At the ground, most powerful is the semidiurnal wave. 
‘The mean amplitude is 1-1.5 mb. The amplitude decreases 
with height to become not more than a half of a millibar at 
the troposphere’s top, near the tropopause. The maxima 
of the wave come asa rule at about 10 A.M. and 10 P.M, 
tho minima at about 4 A.M. and 4 P.M. local time. The di- 
urnal pressure oscillation, on the contrary, has a very small 
amplitude at the surface (about 0.2 mb), but it rises in im- 
portance with altitude and at 5-km level amounts to one 
inillibar, on the ayorage. 

In addition, GATE experiments have observed in the 
tropics the 3-day and 4-day pressure waves, the latter being 
more clearly deiinod of the two. Tho wave front has an axis 
of symmetry making an angle of 30° with a longitudinal. cir- 
cle. The mean wavelength is 7000 km. The wave declines 
in amplitude nearing the equator. So between latitudes 15 
and 40° it amounts to 0.8 mb and near the equator drops 
to within 0.3 mb. 

Of major significance at the surfaco is the semidiurnal 
wavo. I often distorts the pattern of pressure tendency which 
js used to report as an indicator of synoptic process develop- 
ment, As often as not the tendency is employed to decide 
how the synoptic objects move and evolve, how the synoptic 

situation changes as a whole, and whether the weather in 
the region has a tendency to chango or hold, Coming into 
play, a somidiurnal pressure wave changes the synoptic pres- 
3-01782 
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sure field so pressure taken as it stands may lead to errors 
in synoptic scale forecast. Obviously, pressure tendency 
data should be corrected for this effect. This procedure re- 
quires the amplitude of tho wave. 

Let the observed tendency be denoted Ap, and the true 
synoptic tendency Ap,. Ii we want the synoptic tendency for 
a period subtending an ascending or a descending section of 
a semidiurnal wave, then the following expression is used 


Ap, = Apo + Al2 


where the minus sign is applied to tho ascending portion 
and the plus sign to the descending. 

If the pressure gradient of the wave has one sign within 
one hour and another sign within two hours, then another 
formula is employed 


Ap, = Apo + AMG 


Example 1. Let Ap) be 2 mb/3 hr and A = 1.2 mb in 
tho semidiurnel wave from 6 to 9 A.M., that is, in the peri- 
od. of pressure rise, then 

Ap, = 2 — 1.2/2 = 1.4 mb/3 br 


Example 2. Let the initial data be the same as in Exam- 
ple 1 with the exception that Ap. has been observed from 2 
to5PM., i.e., during the first two hours pressure in the wave 
doscends and during the last hour ascends, then 


App = 2+ 1.9/6 = 2.2 mb/3 he 


‘The amplitude of the somidiurnal oscillation varies with 
time; therefore the above calculations can be but approxi- 
mate. To improve the accuracy of tropic forecast, 24-hour 
pressure changes aro often used instead of 3-hour pressure 
tondencies, as more representative. 

Tt is believed that pressure waves can exert some influence 
on the weather pattern in the tropics, in particular on the cloud 
cover and precipitation. An investigation ior this course 
was published in 1968 by Brier and Simpson who sought 
for a correlation of somidiurnal pressure wave with changes 
jn cloudiness and rainfall at Djakarta and Wake Island 
(A9N, 466°E). They found that at Djakarta in somo years 
the amplitude of the semidiumnal wave varied by 15% to 
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20% from month to month and in some days even by 100% 
‘About the same pattern was found at Wake. No change of 
phase for the wave was observed at either station during the 
year, neither does it change irom year to year. 

In papers that had been published prior to G.W. Brier 
and Y. Simpson's work, the semidiurnal. pressure wave has 
heen related to the cloudiness in the following way: at a 
poriod when pressure rises (from 4 to 10 A.M. or from 4 to 
10 P.M.) clouds incroase in number, then when pressure 
drops cloudiness parallels the change (Fig. 2.7). Assuming 
this statemont as a hypothesis, Brier and Simpson sugges- 
tod that if it is true, still more clouds are to be expected when 
prossure increase intensifies, when say ascending branches 
of other pressure waves superimpose, and respectively, 
still lesser cloudiness at the days when pressure rise slackens, 
say pressure increase in the semidiurnal wave coincides with 
pressure drop in other waves. The reverse might also be truc, 
that is in periods when prossure drop intensifies a marked de- 
crease in cloudiness is to be expected, 

Ttoturn now to the observational data. Djakarta, situated 
at the northwest of the Java Island, is exposed to the south- 
vast trades in southorn winter (dry season) and to the equa~ 
torial trough, crossing the island, in summer (rainy season). 
‘Pho moan annual rainfall at Djakarta amounts to 1840 mm. 


ae 
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Surface pressure at Djakarta increases from 4 to 9 and 
from 4 to 10 P.M. and decreases from 10 P.M, to 4 A.M. 
‘and from 9 A.M. to 4 P.M. ‘Tho mean annual amplitude of 
the semidiurnal wave is 4.38 mb though on some days 
it may be as high as 6 mb. 

Tho Wake Island with an area of 35 km? ig under the in- 
uence of the northeast trades all Unrough the year. Itsmean 
annual rainfall is 940 mm. Surface pressure increases 
from 5 to 10 A.M. and from 4 to 10 P.M. and decreases from 
40 A.M. to 4P.M. and from 10 P.M. to 5 A.M.; its mean 
annual amplitude amounts to 0.93 mb. 

In the diurnal variation of cloudiness and rain at Djakar- 
ta there are three maxima—two major ones, that before 
daybreak and during sunset, and tho socondary one after 
noon. At Wake Island there are only two main maxima— 
belore daybreak and at sunset. 

In the diurnal distribution of rain at Wake two maxima 
are recorded as a rule—the majer one in the period from 3 
tn GAM. and the secondary before daybreak, obsorved 
though relatively seldom. 

‘The synchronous comparison of pressure and cloudines 
change and of prossure and rainfall has not revealed an oxp! 
Cit correlation. Not hasit revealed any correlation of pres- 
sure change with the following change in clouds and rain. 
‘Therefore instead of this continuous comparison it has been 
decided to compare the cloudiness ‘and rainfall on days with 
extremely largo amplitude of semidiurnal wave with that 
on days when the amplitude is extromely small. The scope 
on narrowed even more to include into the comparison only 
those changes of cloudiness and rainfall which occur at periods 
of pressure increase or decrease, that is duriag 5 or © hours 
of 24. 

At Djakarta the experiment has revealed higher increase 
in clouds botween 4 and 9 A.M. on days with larger pressure 
rise than on days when pressure increased slowly. Thus, 
ays of higher pressure rise aro more potent for rain to fall 
and amount of precipitation to increase. 

‘According to the assumed hypothesis (see Fig. 2.7) clouds 
are to diminish in parallol with pressure ‘drop of the semidi- 
trnal wave. However, large land area of Java as it is aids 
in cloud formation oulweighing all the other effects. Moist 
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sea breeze and heated Jand counteract to produce intense con 
yection and form clouds. Since clouds reduce incoming ra~ 
diation the situations were studied with various initial 
cloudiness. 

Cloud development was found to be suppressed markedly 
whon prossure changed significantly and initial clouds were 
few. With total cloud cover this effect wasless noticeable. So if 
a significant, pressure decrease were recorded at 9 A.M. 
with a cloudiness of 10% to 30%, the cloudiness was not de- 
veloped further, Cloudiness did increase ifat the samo con- 
ditions pressure decreased insignificantly (small amplitude 
of the somidivrnal wave). An outweighing influence of pres- 
sure drop was obvious in the days of continuous cloud cov- 
or at 9 A.M. On these dull days the less heated surface does 
Not aid in breeze development, thus the conditions for 
clouds to developare absent. In the circumstances, the net 
somidiurnal oscillation superimposes on the main disturb- 
ance which alone resulted in continuous cloud cover. The Dja- 
karta observations demonstrated the effect of semidiurnal 
oscillation being more strong on the days with largo pres- 
sure drop. So, on the days with small pressure drop the 
cloud cover initially continuous released to 70% (7 balls), 
with large descent to 50% 

‘At Wake Island cloudiness was found to inerease with 
pressure, though slightly weaker, in the same manner as al 
Djakarta. Periods of pressure doclino at Wake Island were 
not studied. 

With the results of the above study at hand Brier and 
Simpson have concluded that cloud cover does increase 
with rise in pressure and decreases with its drop in the semi- 
diurnal wave. The conclusion has heen arrived at for two sta~ 
lions in different physico-geographic surroundings. Induc- 
lively, it may be extended onto other tropical locations. 

It follows from the above, that a relation between pressure 
rise and inerease in cloud cover does exist, the respective quanti- 
lative estimates, however, have not been obtained so far. For 
Djakarta and the Wake, cloud cover and rainfall increase 
by 15% to 20% when pressure asconds by 2 to 3 mb. The 
cloudiness and rainfall diurnal courses have maxima before 
daybreak and at sunset. Physical reasons for such a depend- 
once have not been disclosed yet, 


38. Ch. 2 Variation of the Main Weather Elements _ 


2.3 Wind 


The wind field in the tropics has three major 
zones: (1) tho trade wind belt of the Northern Hemisphere; 
(2) the trade-wind belt of the Southern Hemisphere; and (3) the 
equatorial trough region. At times the trough zone is called 
the transition region ‘from tho northern to the southern trades. 
Tn the southern winter it normally migrates northward 
to lic somewhoro between 0 and S°N, and in summer it dis- 
places up to 15°N. 

Characteristic of some regions in the t1 pics are monsoon 
currents. Abovo all it is the notorions Asiatic on. In 
the area where it is active, southwest flows prevail in the 
northern summer and northeast flows in winter, Well defined 
are also African monsoons. In the northern summer the south 
orn winds having a western component make wide incursions 
into the western African continent bringing rain over large 
torritories. In winter these winds go only as far as the Afri- 
can coast around the Gulf of Guinea while the northeastern 
winds prevail farther north (Pig. 2.8). 

The Uades occupy the bulkot the tropics, Broadly speaking, 
they blow from ENE in the Northern Hemisphere and from 
HSB in the Southern Hemisphere. But the flow points a lit 
tle more toward the equator in winter than in summer. So, 
the average wind direction in the Northern Hemisphere is 
around 0° in January and around 70° in July. Tn the South- 
ern Hemisphere it is near 130° in July (wintertime) and 
near 410° in January (summertime)*. 

On the geographical equator NE winds prevail in Janu- 
ary and SE winds in July. 

Tn the trade-wind region, winds increase in strength from 
summer to winter. Riehl has found that the greatest result- 
ant wind speed of the trades in the Northern Hemisphere is 
9.4m s+ in summer to increase lo 4.3 m st in winter, in 
the Southern Hemisphere the respective figures are 3.3 
and 5.3 ms, 

In January the winds reach thoir main peaks at about 
40°N and 20%. Throe adjoint minima are noted at the time: 
at 30°N and at 5 and 35°S. In July the main maximum shifts 
towards 15°S and the second maximum to 20°N. According- 


* Measured clockwise from north on the 360° compass, 
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ty, the profile has three minima; at 35 and 10°N and at 
30'S. 
‘Therefore in winter of tho respective hemisphere the re- 
gion of peak wind velocities shifts 5 Lo 10° latitude equator- 
wards. The region of minimal wind speeds coincides at the 
time with the center lino of the subtropical high pressure 
pelts and with the equatorial trough line. 

‘The trade winds are well known for their higher steadiness. 
‘A measure of steadiness, S, widely used in climatology, is 
ratio of mean wind vector modulus to its mean sealar veloci- 
ty 

s= [vv 


It is always unity, when the wind keeps blowing from 
the same direction, irrespective of fluctuations in wind speed, 
IV[=Vand $= 4. If, on the contrary, all directions 
in wind field are equiprobable, then [¥/ = 0 and S = 0, 
so that the wind is absolutely unstable, 


@ 
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2.8 Streamlines at sea level (Hastern Hemisphere) for Fuly(e) 
and January @) 
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For both trade wind regions the mean steadiness S 
0.75; for the trades in the northern Atlantic S — 0.9, 
for the sublropics it is equal to zero. 

Over the equatorial trough the winds do not normally 
plow faster than 2m s~. In January at the trough line the 
winds blow mainly westward. South of the trough a south 
component appears which increases with the distance south- 
ward from the trough line, while the north component is ob- 
sorvod northward. At about 10° latitude from the equatorial 
trough the meridional component has a maximum of 1.5 ms“ 
‘The maximum steadiness within the trough region in 
January lies near 0.7. 

At the trough line in July the westerlies_prevail whoso 
southern component is rather weak (about 0.5 m s). Simi- 
lar to January, farther south the south component increases, 
and farther north the stream moves first strongly eastward 
then the north component gains in importance. They are 
strongest at about 10° latitnde from the equatorial trough. 
The steadiness at the trough line is 0.5, however, it rises 
sharply (o both the north and south, Within the trough, 
steadiness nowhere exceeds 0.8. 

‘The wind data collected during the GATE missions have 
brought evidence that the wind field of the southern trade 
wind belt varies with height differently in various locations. 
However, a general pattern of this change can be evaluated. 
So, within 4.5 to 3 km from the carth’s surface the prevailing 
winds are the south-easterlies having the average speed of 
5-8 ms, Tho highest spood in this region may be 41-12 
ms-1, Closor to the equator, the wind becomes weaker and the 
air layer from the trades more shallow. On some days even 
westerlies of 1-2 m st may ho observed near the equatorial 
trough (8-10° latitude from its center line) in the trade-wind 
region at about 1.5 km altitude, holding as long as one or 
two days 

Not infrequently the 4.5-2 km layer of westerlies comes to 
stay above the field of the SE trades, The westerlies may cur- 
tail after a few hours, though they may last as long asa lew 
days. Closer to the equatoi trough these periods gain in 
duration and the westerlies layer descends. Otherwise, the 
weak eastorlios provail in. the region. 

Still higher overlies the thick stratum of easterlies having 


a small south component. In some periods this layer pro- 
trades upto aheight of 12-13 km with a wind speed of 30m st 
at 12-km layer. In other periods the base layer of easterlies 
descends down to 9 km. The south meridional component of 
wind speed in the stratum varies broadly in the vertical and 
in time. 

‘Above the layer of the easterlies (up Lo 24 km in the verti- 
cal) the westerlios of 20 ms dominate the region. This field 
has two features: the first is the shallow layer of eastorlies 
found at Limes near the tropopause, the second is the notable 
unsteadinoss in the position of westerlies bottom, Hach 
15-46 days this boundary sharply ascends to a height of 
{6-17 kim and then gradually descends to the initial position 
afterwards (Fig. 2.9). 

Over thenorthern Lrade wind belt, a similar variation 
with altitude is observed with the only difference that the 
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ig, 2.9 Schematic vertical wind profile in the SIE tradesal 8 
itude relative to the equatorial trough 
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z,km Ae north component takes place Tt amounts to 13 ms“, Above 1.5 km altitude the south com- 
2 of its southerly counterpart ponent subdues and at 3 lam already the north component 
@ of the Southern Hemisphere. appears. Its maximum of 1.5 ms“ lies between 3 and 4 km. 
The GATE data have also ‘At 6 kin altitude the meridional component is absent and 
supplied a pattern of air m aloft the south meridional component again appears to 

6 t motions over the intertopi- roach its maximum at the 12 km level. 
n cal convergence zone (ITCZ) Updroughts in the diffused ITGZ are observed up to 3 km 
Figure 2.10 shows the flow dis- altitude in their highest. Farther up a thin layer is to be 
Sy tributions over both the de- fonnd where vertical movements are absent, and above it 

‘i 2 yelopod and diffuse ITCZ. In air movements are directed downward. 
zy the region of the well devel- Still in 1945 R.D. Pletcher noted a relatively frequent ap- 
t oped ITCZ up to 3-km altitude pearance of westerlies in the equatorial region, which could 
stl the winds are mainly wester- not, go into the traditional framework of the tropical cireu- 
ui Ties with a maximum for the lation. ‘The so-called equatorial region of westerlies looks ano- 
sk t west. component of 3 m s* malous when compared with the above distribution of wind 
at about {.5 km altitude. In the and pressure. Early tho oquatorial westerlies wore belioved 
aah pottom layer (up to 0.6 km) random phenomena or even a product of erroneous measure 
the a meridional component is ab- ments. When the observational data became more abundant 

‘ mi sent, Aloft, the south compo- the region of westerlies proved a reality. 


nent is traced amounting to 
Pig 2.10 Schematic wind profile {1.5 m st, From 3 to 47 km 


in’ the TTCZ_ plotte the 
In ibe cTredaitrel componca: if tho vertioal extent, the pre 
ing flows are easterlit 


in relative units (heavy lines) for V' 
) siopeatrez; (2) ditto With a maximum of the east 
Thor dicection, of vertical mov, component. at the 12-km level. 
eee ad monent, by curves [t can reach here a value of 15- 

16 m sul, Tho meridional com- 
ponent remains southerly at the bottom part of this layer. 
Tt poaks at about 7 km altitude to subdue higher up and re- 
yorso its direction for northerly at 8-9 km, The north compo- 
rent has its maximum of 1-2 m s~tat 12-43 km then weaken 
and the flow becomes easterly at 16-17 km height, All 
throughout the depth from0to {7 km height there have been 
recorded updroughts lifting at 1-2 cm st on the av- 
erage. 

Winds with the west component are also observed in the 
diffuse ITGZ, in the layer from the ground to 4.5 km. 
It may be as high as 1-2 m s~, while the south componont 
in the layer has yalues below 1 m s~1. Winds with the east 
component azo traced from the 1.5 km level up to the tropo 
pause. The strongest eastern component is observed at 12 km, 


In the eastern part of the globe the equatorial region of 
wosterlies migrates seasonally along the equator. It can be 
fonnd over Africa and tho Indian Ocean, Indonesia and the 
Northern Australia. At times it extends over the western 
Pacific. In the western homisphere it is pronounced less 
strongly. From the charts prepared by Flohn one may. as- 
sume that the westerlios can be recorded at the seaboard of Co- 
humbia and in the equatorial areas of South America. 

The equatorial region of westerlies varies in width from 
one year to the next, In the years of prevailing westorlies 
their width holds unchanged near the equator even in the 
winter hemisphere making wide incursions into the summer 
homisphore. The total width can be in such seasons as wide 
as 32° in the Northorn Homisphore (India-Pakistan area) 
‘and 90° in the Southern Hemisphere (Northern Australia 
and South Africa). In autumn and winter the equatorial re- 
gion of westerlies places uniformly on eithor side of the equa- 
tor. It is 814° latitade wide. In a narrow  nearequatorial 
helt of the eastern hemisphere the westerlies blow in all 
goasons. The average width of the equatorial westerlies is 
about 6° the low troposphere, 8-10° at the seaboard of the 
Bay of Guinea, in the westorn Africa and in the eastern 
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Indian Ocean, yet it narrows to 4° latitude in the western 
parts of the Indian Ocean and Pacific. 

The continuous belt of the westerlies can be found on the 
mean many-year weather charts only. Daily observations 
show that winds vary markedly in this belt. Daily synoptic 
charts trace the equatorial westerlies only at separate areas. 


2.4 Pressure and Wind Fields 


The horizontal Coriolis force is very small in 
the (ropics and equals nil at the equator. ‘Therefore the quasi- 
geostrophic balance may no longer be true here, which poses 
a most serious problem before tropical weather analysts and 
forecasters. Many scale analysis models and simplifications 
usod to advantage in the middle latitudes appear unfit in 
the tropics. 

Weather forocasting is essentially oxtrapolation of weather 
data in space and time. To provide the extrapolation wind- 
prossure relationships ate required without which the proce- 
dure would be not only difficult but often even impossible. 
In some part of the tropics this role may undertake the geo- 
strophie relationships though a cortain degree of care should 
he exercised in their application. So far no unanimous opi- 
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nion oxists as to what latitude should be taken such alimiting 
‘one where the quasi-geostrophic approximation could be 
still applicable. 

Figuro 2.11 presents the mean latitudinal distributions of 
geostrophic and actual winds at the top of the friction layer. 
It is readily seen that north of 20°N the geostrophic wind 
deviates from the actual insignificantly but the deviation 
sharply increases equatorward. At 10’ latitude the mean dif- 
ference amounts to 9 ms“ that is outweighs the value of 
observed wind itself. Notably, the actual wind is everywhere 
weaker than its geostrophical approximation. 

The distribution of geostrophic and resulted wind in the 
east nearequatorial Atlantic in July-August is illustrated 
in Fig. 2.12, As the distance toward the equator becomos 
smaller the geostrophic wind turns farther off the actual 
wind direction, which is notably closo to the pressure gra- 
dient direction and in some areas (4.5°N) even totally coin~ 
cides with it. In July-August the equatorial trough ascends 
highly northward. ‘The related convergence zone can be readi- 
ly followed. [t places hetween 5 and 18°N, Simultaneous- 
ly, the secondary convergence zone may bo traced betweon 2 
and 6°N. 

In many circumstances better results are provided with 
the eyclostrophic wind. In comparatively small cyclones— 
and they aro indoed less in tho tropics than in the temperature 
zone—the centrifugal force is in exact balance with the 
horizontal pressure gradient. The cyclosirophic balance ap- 
proximation is much superior to the geostrophic when ap- 
lied to the tropical cyclones. ‘The actual wind in tho cy- 
lones blows at 50-60 ms~4, the cyclostrophic approximation 
gives rise to 70-75 ms~ whereas the geostrophic relation~ 
ships supply 200-250 m s“, 

The cyclostrophic balance can exist only when the eurva- 
ture of the air stream is cyclonic because with an anticyclo- 
ni¢ curvature the contrijugal foreo and pressure gradient 
act in the same direction. This fact, in particular, has given 
riso to a hypothesis that anticyclones cannot exist in the equa- 
torial region. Observations, however, have not proved ii 

At the top of the tropical friction layer, air stream is 
directed so that it crosses the isobars. Moreover, even above 
this level wind makes an angle with the isobars (isohypses). 
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Fig. 2.12 Distribution of pressure gradiont, pa, goosteophie wind, 
resitltant wind (computed on 4914 trough 4970 data), ¥, and divergence 
areas in the eastern equatorial Atlantic (after Lamb and Hastearath) 
Seale: 1m a?~ 5mm, 10-m s* ~ 3 min 


Reasoning from these observations it has hoon suggested 
that small pressure gradients (geopotentials), commonly 
observed in the tropics, balance the turbulent friction force 
which does not disintegrate at 1 km altitude but does exist 
much higher. However, the scale analysis on the GATE'72 
and '74 data has rejected the suggestion as baseless. The fric- 


tion force has been proved about two orders of magnitude 
lower then the geopotential gradient. 

Proceeding from the above argument a conclusion may be 
that wind in the tropies cannot be computed from the pros- 
sure field at all, However, a need in such computations per- 
sists, as well as in the reverse operation that is in computing 
geopotential gradients from the wind observations. The last 
proceduro is of especial importance for numerical forecasting. 
Many attempts are known to have been mado in relating the 
wind and pressure fields. In what follows we shall discuss 
sevoral ways to approach this objective. 

Grimes (1951) has suggested the following form of the 
horizontal momentum equations 


au 4 ap 
Sipe Sears 

at p oe 

2g que 22? (2.44) 
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where P = p-+ V%2 is the dynamic pressure (p = atino- 

spheric pressure and V? = uw? - v®), 4 is the absolute vor- 

ticity, wand the horizontal components of wind speed. 
‘Assuming duldt = dv/dt = 0 yields 


1 ap 


v= oq ay 

‘The equations (2.4.2} are similar to the goostrophic rela- 
tions but. the role of the Coriolis parameter is played by 
the absolute vorticity, and the pressure variable is the dynam- 
ic prossure rather than atmospheric, The obtained relation- 
ships ropresont the connection of the wind and pressure 
fields in the general form. Hence they should describe a 
steady motion even where the Goriolis parameter becomes 
small and the dellecting force cannot exactly balance the 
pressure gradient. Providing for the relative vorticity 
makes this balance possible. The air motion field obeys the 
same laws as does the goostrophic wind of mid-latitudes. How- 
ever, absolute vorticity should not be treated as _a constant 
quantity. In tho high latitudes of the Northern Hemisphore 
it is positive whereas in the high latitudes of the Southern 
Hemisphere if, assumes negative values, Hence, somewhere 


(2.4.2) 
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in the equatorial zone a boundary, or a narrow transition 
zono, should exist between these polar values. 

In the tropics absolute vorticily is zero very nearly so 
that in the narrow transition zone the formnlas (2.4.2) 
have the same shortcoming as the geostrophical relation- 
ships, The isoline 1 == 0 has been labelled the sinematic 
equator. Jt runs parallel to the geographic equator and mig- 
rates within the nearequatorial region from 5°N to 5°%S. 
It means that absolute vorticity changes its value as well as 
sign at least within this area. When 1 changes its sign then 
according to (2.4.2) the motion should reverse its direction, 
that is obey a course it would havo in the other hemisphere. 
Tf an analysod area is in the Northern Hemisphere the di- 
rection of flow reverses when the anticyclonic vorticity oulba- 
Jances the Coriolis parameter, rendering the absolute vortic- 
ity negative. This situation is not infrequently observed in 
the nothern part of the central Africa, The developed winds 
have the local name“antiflows”, 

‘The relations (2.4.2) describe motions of tropical air, but 
thoy pose several problems in practical computations of 
wind from the pressure field, firstly, because tho pressure gra~ 
dients, being very small, are deduced with large errors; 
secondly, becauso both sides of (2.4.2) contain the sought 
parameter—wind (P= p + V2, 1 = £-+ dv/dx — duldy 
“+ f, f = 2Q sing) and, finally, because at the kinematic 
oquator, where the absolute vorticity lends to zero, the 
equations (2.4.2) become void of sense. 

‘A scale analysis made for the terms of motion equations 
with the data of GATE’72 and '74 expeditions has shown 
that the nonlinear terms are of the same order of magnitude 
as the other terms in the tropics. Air particles have some iner- 
tia and “store momentum”, as it were. Based upon this ex- 
amination, fora steady-state motion in free atmosphere the 
horizontal equations of motion can be written 


(2.4.3) 
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Tt is seen that the wind speed is defined not only by the 
local geopotential gradient but also by the inertial proper- 
ties of the stream. ‘The sought wind is geen to be on both 
sides of (2.4.4) so its computation would be rather difficult. 

‘Tho equations (2.4.3) can be used to compute the goopoten- 
tial gradient from the wind field. For the tropics, especially 
in the equatorial region, this procedure is of value, since 
computing the geopotential gradient from the pressure field 
may lead to errors both in the gradient value and in its sign. 
‘This situation occurs because the accuracy in the geopolen- 
tial evaluation is comparable with the values of geopoten- 
tial gradients. 

With wind field data available the geopotential gradients 
can bo obtained from the following relationship, deduced 
from (2.4.3): 


or othorwise 
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Objective analysis, numerical forecast, and modelling 
of atmospheric procossos require the wind (velocity) and 
pressure (mass) fields should be matched. This balancing is 
best effected with complete equations of motion by a  tech- 
nique suggested and doveloped by Marchuk, Miyakoda and 
Moyer, Nitta and Hovermalo. The technique, that has been 
called’ the dynamic balancing, is carried out by multiple 
integration of the complete equations first ono time-step 
forward, then backward by the schemes that provide selec- 
live suppression of small-scale disturbances. One of the 
techniques of time differentiating employed in numerical 
integration is the Huler-backward scheme, often called the 
Matsuno scheme. 

The dynamic balancing is essentially as follows. On integ- 
rating the prognostic equations forward themass and voloc- 
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ity fields are modified and mutually adjusted. The gravily 
waves that occur in the process of adjusiment are suppressed 
by a selected numerical integration schemo. Integrating back- 
ward, the scheme returns to the initial time point. As a 
result, the large-scale features of the fields remain practical- 
ly unchangod whereas small-scale disturbances aro largely 
damped out. 

Multiple repetition of the cycle of forward and backward 
integration —the procedure that is often labelled pseudoprog- 
nosis—gives rise to a certain balance of the fields. These 
balanced fields are used in further computations. The itera- 
tive procedure used in adjusting the fields converges when 
tho fields become balanced. 

The dynamic balancing is in fact one of the approaches 
to the problem of mutual adjustment of fields which has been 
extensively treated in the works of Kibel and Obukhov. 

‘Lhe integration procedure may be arranged so that, in 
the process of adjustment all the fields would change. ‘This 
type of computation is termed a [ree adjustment. In another 
approach the pseudopragnosis may be made so that one of 
the fields remains unchanged (restored). 

Of particular interest is the dynamic baloncing while 
the pressure (geopotential) field is restored thereby modelling 
adjustinent of wind to pressure field. This vorsion of dynamic 
balancing may be used to compute the wind field from the 
pressure field in the tropics 

Consider now the dynamic balancing with complete equa- 
tions ag applied to the barotropie and baroclinic models. 

To ellect adjustment in the framework of the baroclinic 
model we employ the following set of equations: 
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where @ is tho geopotential, the other designationsare mere- 
ly conventional. 
Adjustmont with the hareclinie model we shall disct 
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tho basis of the quasi-hydrostatic system of complete equa- 
tions in a sigma system of coordinates («, y, o)*, which 
does not allow for friction and adiabatic heating effects. 
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It is assumed that the initial and boundary conditions re~ 
quired to obtain the solutions of (2.4.8) and (2.4.7) aro givon. 
‘As the initial values for u and v one may use the respective 
components of zonal wind or geostrophic wind computed 
for the area under investigation via the conventional geo- 
strophie relationships applied at the nearest latitude where 
the goostrophic approximation is valid. 


‘Tho values of 6 required to integrate the system of equa- 
tions are computed with the continuity equation in the man- 
ner usually employed for the baroclinic and nongeostrophic 
prognostic models. 

Rewrite tho oquations of (2.4.6) and (2.4.7) containing 
the time derivatives in a compact form 


aslot = F (2.4.8) 


where for (2.4.6) 
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and for (2.4.7) 
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‘The time-difforentiating scheme neodod for dynamic ha~ 
lancing iterations will be facilitated through the Huler- 
backward scheme as follows 


> BO? 
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: (2.4.10) 
apres, Fiat 

whore tho subscripts n and n-+ 1 denote the time points; 
AL is tho time step; 2%, 2: Zntus Zn, the initial and final 
Values of zat the moments mand wb A; fy) Hasty Bats Bn 
the values of function F calculated with Zu, 2t-rt) 2p¢1 and 
zt, respectively; Une superscripts ¥ and v > 4 are the num- 
bers of the iteration cycles. 

‘As is roadily seen, the formulas (2.4.9) are employed to 
integrate forward by one step and (2.4.10) to integrate by 
one step backward. The Lotel iteration cycle of two steps 
forward and two steps backward integration returns the 
process to the time base. . 

Notice that in the dynamic balancing within the frame- 
work of the baroclinic model, cach iteration cycle computes 
vertical speed and geopotential by the diagnostic equations 
(the hydrostatic and continuity equations) and boundsry 
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model at each time step. 

dure is ropeated several cycles (y= 
=1, 2, 3, ...) wutil the fields practically cease varying 
from one eycle to the next. This is an indicator of the it~ 
erations being converged and an adjustment: being oliected. 


The resulted fields aro assumed to be balanced. When we 
compute a wind field from a givon (observed) pressure, or 
geopotential field, the achieved balance moans that we ob- 
tained the sought wind field and no further computation is 
needed. 

Numerical experiments performed with the equations 
(2.4.6) and (2.4.7) have demonstrated that the iterative 
process converges if the Euler-backward scheme is usod with 
certain values of time stop. Thon the number of iterations 
depends on the imbalance of the initial fields and on what. 
type of adjustment. is utilized —freo or with restoring one 
of the fields. So, in the framework of the nonlinear barotropic 
model, if the geopotential is restored after each four-step 
cycle for the initial one and the geostrophic wind is inputted 
as the initial wind then tho fields can be balanced in 40 or 
60 eyeles. 

Anothor approach, duo to D. Lailhtman, may he em- 
ployed to‘quantify the relationships between averaged wind 
and prossuro fields. To illustrate, we assume that a pressure 
field is givon by climatic pressure maps and the wind field 
is sought. 

With roferonce to the pressure maps wo make further as- 
sumptions with respect to pressure? 

a. The minimum pressure "Hes on the equator, i.e. 
(Ap1BY) yo = 0. 

‘bh. The latitudinal component of pressure gradient is 
loss than its meridional component north and south of tho 
equator, i.c. for p #0 

4 ap v4 ap 
pie Sp Oy 


so that in further computations we may set 


> ae . 


¢. The pressure field is symmetrically spaced about the 
equator. 

In conformity with climatic data, we think the wind 
varies only slightly along latitudinal circle, that is 
aw 
== 
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Let the 2 coordinate be directed eastward, y coordinate 
northward, and the origin be at the equator. With all the 
above assumption in mind, for a single layer (planar) sta- 
tionary problem the sot of equations may be written as 


vhs fot Kee (2.4.11) 
dv A dp Lr ae 9 
oe EP Ju Ky pe (2.4.42) 


where K, and Ky aro the horizontal eddy exchange coel 
ficients. 

Tet us expand the wind and pressure gradient components 
and the Coriolis parameter of the above equations in powor 
series of y: 


(2.4.43) 
(2.4.14) 

bbs pt pg ho (2.4.45) 
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In the series (2.4.15) and (2.4.16) the coefficionts of y 
are known values (pressure, say, is inferred fom the elima- 
tie maps) and in the rest two series they aro unknown. ‘The 
value of K, is known to he 5 x 108m? sé in low latitudes. 
From (2.4.13) and (2.414) we have 
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duldy =v, + 30g" + Be. 
Wvldy?= Gay + 200 


(2.4.48) 


4 

Having substituted (2.4.13)(2.4.18) into (24.11) and 
2.442) and equated the coefficients of equal powers (y°, 
¥, y2) in y, subject to the boundary conditions which sug- 
gest that at_y — y, the flow is quasi-geostrophic, we get a 
set of equations to define the unknown coofficients. A solu- 
tion of this system, say, for yy corresponding to @ = 5°, 
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to wu and v gives the following expressions 
w= —2.04-+ 1.45 x 10% yt (2.4.49) 
vow — 8.81 x 10-%y 11.22% 10%}... (2.4.20) 


whore y is in metres. 

‘These formulas wore used to derive the wind components 
in the nearequatorial zone from the mean pressure field. 
The computed values correspond by and large to zonal winds 
observed in the region (2-3 m 


2.5 Cloudiness 


Tho prevailing form of cloud in the tropics is 
cumulus. All the types of tho cumulus cloud are here much 
moro frequent than in the middle latitudes, The most fro- 
quent type of cloud is cumulus humilis. It often has a rough 
faltered appenranco caused by turbulence; then it is fre- 
quently called fractocumulus or stratocumulus. The diurnal 
march of cumulus clouds has a daytime maximum and night- 
{imo minimum. It should be noted, howover, that where the 
‘effect of the semidiumnal pressure wave is undistorted by 
other factors involved in cloud formation the cloudiness 
march may havo two maxima and two minima. On the as- 
cending branch of pressure wave cloudiness increases, on 
the desconding branch it decreases. Daytime heating and 
the semidiurnal pressure oscillations influence cloud forma- 
tion processes so that the diurnal march of cloudiness ap- 
pears to be rather complicated. There are three maxima— 
in the morning, at noon, and before sunset, and three mini- 
ma—a major one (at night) and two secondary, before and 
after noon (see Sec. 2.2). 
In the trade-wind region over the oceans the prevailing 
cloud types in all seasons ere cumulus humilis and cumulus 
medioeris. They aro usually sidod by stratocumuli and alto~ 
eumuli. All the cumulus clouds in the trades differ ina mark- 
edly uniform’ appearance with clear-cut, bases and tops due 
to the homogoncous conditions in which they have been 
formed. Theso coulds are often called trade cumulus clouds. 
Whon a cumulus builds to considerable height a cumulus 
congostus cloud forms whose top reaches the bottom of the 
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Fig. 2.15 Chimncy cloud build up (after Richl) 


inversion layer. If this layer is shallow and the process of 
cloud convection is rather strong then the clouds form long 
“necks” protruding from the tops of the lower cloud mass 
above the inversion or stable layer. The clouds have much 
groator vertical than horizontal extent (Fig. 2.13) and became 
known, due to Riehl, as the chimney clouds, 

‘A yast variety of cloud types, including altostratus- 
nimbostratus systems, is observed in the intertropieal con- 
vergonce zone. Howover, provailing again are cumulus 
clouds—cumulus humilis, cumulus mediocris, cumulus con- 
gostus, and cumulonimbus. 

Observations during the tropical experiments of 1972 and 
1974 have demonstrated that clouds of vertical development 
have never come isolated. As a rule, they join into clusters 
(banks) of cumulus congesti or cumulonimbi with a common 
base. The tops of the merged clouds are very close to each 
other, so often they can be found also joint together. The 
clusters are from several tens of kilometers to 300 km long 
and in some cases they are ovon longer. The width of the 


banks is 10 to 45 km. They are normally oriented along the 
wind, being distanced 100 to 150 km apart. 

‘As in tho middle latitudes, cumulonimbus clouds with 
crystal tops form whon convoctively uplifted air builds 
up above the freezing level. Tho height of individual eumu- 
Jonimbi varies to rather high levels of 48 or 19 km. 

‘An interesting phenomenon is the lateral spreading of 
cumulonimbi tops, anvils, which must occur due to sharp 
praking of the uplifting ‘air near tho tropopause. Cirrus 
clouds that form in this sproading have markedly larger 
dimensions (area) than the parent banks of cumulonimbi. 
So, a sheet of cirrus clouds thus formed may be 400 to 500 km 
Tong and about 200 km wide. This phenomenon is of impor- 
tance in interpreting satellite imagery where clusters of 
cumulonimbi may bo covered by cirrus fields of larger area 
than underlying cumulonimbi. 

‘ropieal oxperimonts have revealed another interesting 
feature of cloud formation procoss in the eastern part of the 
central Atlantic. Here clouds develop in two convection 
Iayors, as it were, in the botiom layer from 0.5 to 3.5 km 
and in the top layer spreading from an altitude of 3.5 km 
upwards. ‘The bottom layer gives birth to cumulus humilis, 
cumulus mediocris, and cumulus congestus clouds, Warm 
cumulonimbi, similar to cumulus congesti in appearance, 
aro also met in this layor. Showers will fall from these clouds. 
The second layer is the area where various types of altocu- 
mulus (most frequently altocumulas castellatus, or towers) 
form along with clouds of vertical development which vary 
in sizo up to cumulonimbi, and whose tops mostly flow at 
At or 42 km height. The chimney clouds are essentially clas- 
sic cumulonimbi with well developed anvils. They will pre 
cipitate with heavy showers. Clouds from the bottom and 
top layer may merge, often forming large cumulonimbi. 
‘Their base is at 500-700 m, and top reaches {1-12 km height. 

Figure 2.14 givos a schematic illustration on how such a 
cloud forms. A cloud bank is shown extending from the 
north to the south for more than 150 km. From the north 
the cluster looks as a single cloud 25-30 km in width, but 
from the east and west it is a complox cloud structure having 
several anvils whose tops lie at 9 km altitude. Well seen 
in the northern part is the main “tower” whoso hase is at 
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Fig, 2.14 Schematic cloud cluster as observed (2) eastward nd (}) 
padthwward ftom an aireraft on Aug, 16, 1972, at 10°N and 24.5°W 
{alter A. M. Borovikov and A. N. Nevzotov) 


500-700 m. At 4 km height the tower merges with the bottom 
of the top-layor clouds. Wind slightly shifts the anvils 
southward. Heavy shower downpours from the cloud. 

‘Though cumulus of vertical development prevail in the 
Lropics numerous other types of clouds may be observed 
here. Undulatus clouds aro fairly abundant, cirrus clouds 
are often met, and in the ITCZ the observer may trace stra~ 
Lified clouds (nimbostrati, altostrati, and cirrostrati). In 
general, cloudiness pronouncedly differs in the interior, at 
the boundary, and beyond tho ITCZ (soe Table 2.2). 

Difference in frequency of cloudiness is also of significance, 
GATE'72 has reported that tho YTCZ has nover oxperienced 
tho absolutely clear skies. A continuous cloud cover porsists 
40% of timo, a cloudiness of 1 or 2 balls holds for 5% of time, 
‘and 30% to 80% of skies are covered with clouds for 15% 
of time. For the rest time cloudiness is close to continuous. 

According to the same observations, at the edge of the 
ITCZ there aro no days with cloudless skies, too, but con- 
tinuous clondiness here is only for 18% of time, 1 to 2 balls 
cloud cover holds for 30% of time, and that of 3 to 8 balls 
for another 30% of time, All tho rest time cloudiness is 
almost continuous. 


‘Pablo 2.2 Froqueney of cloud types (in per cent from 


s) in the tropical Atlantic, July-August 1972 
Samoifenko and Soln(seva) 
Clond type — 
inside outside 
Gu bum., Ca fr, 8 
Cu med. 20 
Cu cong. 2 
Cu cay 5 
Gu cay. 4.7 
cug. 48.8 
r 27 
4.0 
16.4 
30.4 
22.6 
¢ und. 3.7 
eat 3.0 
Ales. 44 
¢ dupl. 24 
Ae op. 9.0 
As tr. 2A 
As op. 4A 3.8 = 
Ns, As prec. 23.5 9.3 - 
Ci sp 15.4 40.7 
Ci fil, Gi int. oA 19.4 46.8 
une., Cirad, Ghitoc, | 4.8 TA 1B 


In other parts of the tropics continuous cloud canopy is 
rare, About half of the time the cloudiness is below 5 balls, 
and the inforior clouds also cover not more than 50% of the 
skies, Not infrequontly the skies have no clouds at all. 

‘As will be recalled, the nonperiodical weather changes in 
tho tropics are largely governed by the convergence of wind. 
Wind plays significant role in the formation of clouds, too. 
GATE’72 has reported that well developed convergence of 
surface wind bas preceded any congestion of cumulonimbi 
‘and onsot of long rainy periods. ‘The strong convergence has 
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retained even after the onset of rains. Decrease in conver. 
gence was followed by relaxation in the amount of preci- 
pitation and even by cessation of rain on coming to divor- 
gence, With these data at hand, VS. Samoilenko and 
N.I. Solutseva have compiled Table 2.3. Convergence has 


‘Table 2.3 Convergence and weather 


Clovis 
Convergenee [—— horiontar | Precipitetion 
Cone 2 horieeptad fn 
we im 

<0 (div) | Decay and ovaporation| <4 Relief. Downe 

0-0.5 | Cu hum, Cu med., pouring lanes, 

Cu cong. or <04 

0.5-1.0 | Separate cells Cb] 410 04-4 


(Cuhum., Cu med., 
Gu cong., Se. eng.) 
4,0—3.0 | Widespread Gh with squ-} 10-50 140 
alls (Cu med., Cu cong., 
Se cug., Ac cug.) 


3.5—5.0 | Close banks of Ch—Ns| 50-200 10-50 
(Cu fr, St fr, Se ong.) 
‘Tropical low] Frontal system of Ch-Ns| > 200 > 50 


(Ci spic., Cs, ote.) 


been computed for an area of 70000 km? that corresponds 
to a square of graticule with a side of 2.5° in equatorial 
latitudes. The authors of the table believe that the typical 
values of convergence of the wind field in the nearequatorial 
latitudes may be anywhere within 0 to 10-° st, which well 
agree with the value of convergence averaged for several 
years. 


2.6 Rainfall 


High temperature and humidity of the tropical 
atmosphere provide for a significant water content in trop- 
ical clouds. The clonds are so vieh in water that even a 
small one may produce a heavy shower. Short duration, 
but heavy showers from single cumulonimbus clouds are 


a vather frequent phenomenon in the tropics. Shower-type 
precipitation may also fall from cloud banks and cloud con- 
gestions that may consist of different size clouds (cumulus 
mediocris, cumulonimbi, etc.). Precipitation in the tropics 
is mainly of shower type. Most lengthy precipitations are 
those irom cloud systems related to the ITGZ and tropical 
cyclones. 

Precipitation in the I'TCZ may be of shower type or con- 
tinuous lengthy (several hours) or short (2-3 minutes), very 
heavy or negligible, Widespread precipitation of ITCZ 
falls from nimbostratus or, more seldom, altostratus clouds 
which are characteristic of tropical troughs. Gumulonimbi 
clustered into extended banks produce shower rains. 

Tho observations performed during the GATE'72 oxper- 
iment indicated Unat slight and moderato rains are the 
more frequent occasion than heavy ones. Nevertheless, sel- 
dom but heavy rains along with the moderate make up for 
three quartors of the total rainfall (seo Table 2.4). 


‘able 24 Frequency (in per cont from the total) of rain types, 


from GATE’72 observations (after Samoilenko and Solntseva) 


Prequency 
Rain Pee ee 
count per cont 
Shower 
light and very light 23 29.4 
moderate 20 25.3 
heavy 6 1.6 
very heavy 9 Wd 
Widespread 
light and very light 13 164 
temperate 6 16 
heavy 1 1.3 
very heavy 1 138 
‘Total 19 100 


‘The table demonstrates that 73.4% of all rains are of 
shower type, and the slight and moderate rains of both 
shower and steady type far outnumber the heavy rains. 
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In the tropics, rains most frequently fall from warm 
clouds consisting of non-supereooled droplets whereas ex- 
(ratropical rains downpour predominantly from nixed clouds. 
‘Phe closor to the equator the more frequent are rains from 
warm (droplet) clouds, although rains from mixed clouds 
predominate. 

Formation of warm cumulonimbi is a phenomenon inhe- 
rent in the tropical region. B. Mason collected the results by 
various researchers who had studied clouds and rainfall in 
the tropics to deduce that in the eastern Africa, for example, 
showers not infrequently are from cumulonimbi whose Lops 
are at Jeast. 0.5 to 1 km lower than the 0°C-isotherm. He quotes 
also significant rainfall at the Bahama Islands from the 
clouds of poor vertical development with the tops not above 
2000 m while the zero isotherm being at 5000 m. 

‘The pilots flying on the route ‘Trinidad-Barbados-Grana- 
da evidence that on 75% of all days with rain the clouds can- 
not reach the zero isotherm altiiude while Barbados expe! 
iences about 180 and Trinidad about 240 such days annually. 

Weather reconnaissance airplanes based at Puerto-Rico 
have studied 687 cumuliform clouds in the region. None of 
the clouds reached the zero isotherm level between 4500 
and 5000 m. A cloud did not precipitate if its top was at or 
below 2300 m; however, if the top build to about 3000 m 
then 20% of such clouds precipitated, and with the top 
at about 4000 m rain was produced almost from 50%. 

At the Hawaiian Islands in the trades season rain falls 
from the clouds whose vertical extent is at least 1700 m. 
‘The lowest temperature whenever measured at the tops of 
such clouds was 7°C. The rainfall intensity may be as high 
as 10 mm. per hour. It should be noted that the shower from 
warm clouds is everywhere rather intonse though, as a rule, 
of short duration. 

Consider the mechanism by which rain is formed in warm 
clouds. In short, it may be visualized as follows. Updrafts 
cool the uplifting air and make the water vapour to condense, 
‘The cloud starts rising in shape and the droplets increase 
in dimensions until they become rain drops. Then owing 
to condensation in the supersaturated bulk of the cloud and 
coalescence of large drops they become heavy enough to fall 
as precipitation. 


‘The conditions for uplifts lo develop are created in the 
tropies practically overy day. First of all, it is the thermal 
convection which is supported by the convergence of winds 
in the boundary layer. However, when winds diverge in the 
lower layers the convective sireams become suppressed and 
the convection cell cannot develop in full. Orography may 
also add in forming the uplifts. 

‘As uplifting air is cooled adiabatically and its temperature 
nears the dew point, the amount of water vapour it can hold 
increases, so that rising air becomes saturated. For conden- 
sation to occur air either must be at high supersaturation— 
al times that of pure water vapour—or must contain 
impurities, called condensation nuclei. ‘The above super- 
saturation is highly unnatural. Hence, only the second way 
is feasible—to condense on condensation nuclei, which are 
always abundant in the atmosphere. 

Nuclei may be hygroscopic, i.e. with an affinity for water, 
such as soa salt, which holds water even at low relative humi- 
dities to become finally small water droplets; or they may be 
Solid insoluble particles on which water condenses at high 
yelative humidities. The size of these nuclei ranges from 
about 10% to 10-4 om, With these particles present, the 
almosphere attains less than 4 supersaturation during con- 
densation. 

‘The number of particles over various regions is also dif- 
ferent. Over cities the number averages about 150 000 em~*, 
over opon country it drops about three times to amount to 
50.000 cm~®, while over oceans and mountain tops it de- 
creases further two order of magnitude to be 1000 cm~*. 

Not ail particles, certainly, become condensation nucloi. 
‘As will be recalled, a droplet begins with a cloud condensa- 
tion nucleus (CCN) that is a particle which has a potential 
(o oblain a cloud droplet. For the majority of clouds the 
CGN count varies from 30 to 1000 cm-*. Comparing the 
figures of acrosole particles with that of CCN it is readily 
seen that only a small part of the former become activated, 
that is take part in droplets formation. 

The most important stage in formation of precipitation is 
the process of growth in which cloud droplets grow to rain- 
drop size. Water vapour condensing on activated nuclei 
make the droplets grow fast to 20-30 jum, but further rate 
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of growth is slowing down. Evel 
extraordinarily high, the tine 
to grow to small raind 
wheroas rain is knows 
hour after cloud form 


nif the supersaturation 

h n wer 
the time required for cloud penis 
rops by condensation is about a day. 
n to fall in tho tropics less than an 
‘ 5 lence, another C- 
srpetst ba responsible for Eereuitranaenlins el Bree 
ing ie most important growth process of cloud drops is 
dliferoane eat coalosconce of different drop sizes dua to 
dierences in fall volocity. Lange droplets collide and coa- 

@ sith small ones. oalescence depends on the diffor- 
ence in fall velocities (large drops fall faster), on the sloctste 
Sree of droplets (charge ratio w/gg defines the coalescenco 
offictoney for drops with radii r, and 73), and on the moisturo 
erate jue a {itoisture content in tho ‘wopies is 

fairly high, so all other conditi ' 

known ly hig ondition: a 
the soaleseant growth proceeds here more cue ae a 
fio fore ae cere fapanance among tho shove 
factors f lesconeo has the difference in fall velocity 
ringing the gravitational eoalesconce into the foreheent 

‘ @ recallod, the radius of a drop grows by coa. 


lescense as 
dr/dt= 06 Avi4p,, 


whore py is the density 
Me 'y of the water, 
of the cloud, Av the differenco in fal 

2s diy qa) the capture coofficient, bei 
coalescence officienoy, depending on ¢ 
effiioney, depending on rr, 

e initial size of droplets s 
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Sad telacivoly high collection eliciency of 79 por ent - 
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sense at all, Still in 4952 Woodcock reported that he had 
found giant salt nuclei up to 20 pm in diameter in the tro- 
pical region over the oceans. Having cauried into thecloud, 
they can easily grow by direct condensation to diamoters 
of 40-50 pm. Being uplifted at a speed of 2 ms~* these drops 
can grow to 100 ym at an altitude of 2 to 2.5 km above the 
loud baso and then enlarge at high rate by accretion. In 
about 600 m of updraft the drop grows to a eritical size with 
Fey == 3200 um upon which it breaks into a number of smal- 
Jor ones which again grow to break in turn upon acquiring 
the critical size. If the initial number of drops was No, it 
rises upon first cycle to m (With My >> Mg) LO My (With ry > Ma) 
upon second cycle, and so on. ‘This process is termed the 
Langmuir chain reaction, due to Langmuir who proposed 
in 1947 the thoory of rain producing from warm clouds. 
‘According to the theory, when a cloud accumulates a large 
juumber of grown droplets with a radius larger than 40 um, 
the updraft can no longer support the water in the cloud 
and it starts an intense downpour bringing about a com- 
plote disappearance of the cloud. 

‘A critical condition for the chain process of drops growing 
and breaking to realize consists in that the droplets should 
acoumulate in the cloud above tho level of highest updraft 
Velocities, w, In the circumstances, many drops even of 
lange size’ (r = 1000 wm) will fall slower than uplift, that 
is [¥ |< | max | A shower will only be produced if an 
‘area where droplets accumulate forms above this level. 
Falling through this layer, droplets grow by accretion and 
condensation to enlarge at the cloud haso tor <1ep. There- 
fore, for the chain process to he ellective and produce 
rain showers from clouds consisting solely of liquid water, 
still another condition must bo fulfilled, namely, the cloud 
layer extending from the cloud hase to the level where w 
= Winx Must be 2.0 to 3.5 km thick, assuming a uniform 
water content of the cloud of 1.0 to 1.2 g m=, 

In the mixed clouds, rain develops on tho same meche 
nism as in middlo latitudes, Tropical rainfall figures are in 
general higher than in middle or higher Jatitndes. The pre- 
cipitation south of 30°N makes up for 2/3 of the hemisphere’s 
rainfall; in the Southorn Hemisphere the corresponding 
latitudes have slightly lesser rainfall though outweighing 
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thal in the other part of the hemisphere. Somewhat higher 


rainfall in the northern tropics (see Fig. 2.15) may be ox- 
plained by the placement of the equatorial trough which 
north of the equator most of the year. 

"Tropical regions are outstanding in that the annual rain- 
fall varies widely in time and space. At some locations, as, 
say, at the Fanning Island, the annual rainfall may vary 
Irom 3 mm in one year to 500mm in the next. The area whore 
rainfall is a maximum lies at the equatorial trough, while 
minimal rainfall is along the subtropical high-pressure 
belts. ‘This course of rainfall is valid both over the conti- 
nonts and over the oceans (sce Fig. 2.15). The tropics may 
be conventionally divided into three zones having their 
characte precipitation. regimes. 

(1) The region of the equatorial trough whore precipitation 
occurs throughout the year. 

(2) The trade wind region where rains occur in summer and 
are seldom in winter. 

(3) Regions adjacent to the subtropical highs, where pre- 
cipitation is sparse throughout tho year. 

In each rogion, the amount of precipitation may drasti- 
cally vary from year to yoar. The mean distribution of the 
annual rainfall is presented in Fig. 2.16. It is seen that the 
area of maximum rainfall embraces the globe near the oqua- 
tor. Sufficiont rainfall takes place in the western quarters of 


the oceans. Tho arid area extends from Iran and Afghanistan. 
through the Arabian desert and Sahara into the eastern 
‘Aiantic. ‘The arid zone of the Northern Hemisphere also 
‘ambraces Mexico and the South-West of the United States. 
Jn the Southern Homisphere, the most arid areas are Lo be 
found over Australia, South Africa and Amorica with the 
adjoining eastern parts of the oceans. i 

OF particular interest is the seasonal march of rainfall 
in the tropics, The latitudinal profiles of rainfall averaged 
‘over seasons and longitudes (Fig. 2.17¢) indicate that the 
(varm season in this hemisphere collects more rain than the 
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Fig. 2.17 Latitudinal profiles of seasonal rainfall over (7) land and (2) 
ocean (after Palmer) 
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colder season, Viewing the oceanic and continental seasonal 
profiles separately, Fig. 2.47) and c, the migration of pre- 
cipitation area, related to the displacement of the equatorial 
trough, is markedly pronounced over the continents. ‘The 
maximum rainfall over oceans remains in the Northern Ho- 
misphere in all seasons, being more abundant to the north in 
June-August than in December-Februa 

The regions of the trades adjacent with tho equatorial 
trough experience one maximum in the annual rainfall. 
North of the equator it is in August, and south of Uhe equator 
in Mareh accordingly as the trough displaces more northward 
or southward. Near the equator where the trough crosses any 
latitudinal circle twice a year, the annual course of rainfall 
has two maxima. At any longitude where the trough oscil- 
Jales more or less symmetrically about the equator, heavy 
rains near the equator occur from March to May and from 
October to November. It should be noted that the displace- 
ment of the trough is not equal at different longitudes and 
varies from year to year. Besides, various disturbances of 
the main current in the tropical atmosphero and the inter- 
action of the tropical circulation call with the processes of 
higher latitudes have on appreciable effect on the weather 
rogime in gonoral and on the rainfall regime in particular. 
‘This all brings about « perceptible change in the seasonal 
rainfall, as observed in various years in various regions, 
the change being more smooth where rainfall is abundant 
and pronounced where it is scarce, 


Review Questions 


1. What is the thermal equator? Where is it located? Does 
the location undergo scasonal variations? 

2. What types of annual temperature variation exist in the 
tropics and what differs them. from each other? 

3. What does tho diurnal lomperature variation depend on 
in the tropics? 

4, How does the horizontal temperature gradient vary with 
latitude in the tropical region? 

5. How does temperature vary with altitude in various 
areas of the tropical region? 
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16. 


How is pressure distributed in the tropics? What are 
its horizontal pressure gradients? 

What are pressure waves? Enumerate the pressure 0s- 
cillations you know. : 
What is the time to observe pressure minima and maxima 
in the semidiurnal pressure wave? What is the moan 
amplitude of the wave? 

‘What relation exists between the semidiurnal pressure 
wave and weather? 

What winds blow in the trades of the Northern and 
Southern Hemisphere? Characterize their steadiness. 
What is the equatorial region of westerlies? Where is it 
placed? | 
Vow does the zonal wind differ from tho geostrophic at 
various latitudes of the tropical zone? 

Characterize the wind regime in the well-developed and 
diffused intertropical convergence zone. 

How are tho vertical motions distributed in tho well- 
developed and diffused ITCZ? ee 
Put down the formulas that relate pressure and wind in 
the tropics. In what way do they differ from the corro- 
sponding expressions forthe middle and higher latitudes? 
Why aro these formulas so hard to apply? 

What is the kinomatic oquator? Where is it placed? 


" What are the procedures involved in adjustment of wind 


and geopotential felds? : 
Which types of cloud dominate over the tropics? 
What are cloud clusters? What are their dimensions? 


. Discuss cloudiness in the ITCZ. 


What is the two-layer mechanism of cloud development? 
Tow does the convergence of wind influence the forma- 
tion of clouds and precipitation in the tropics? 

Which types of cloud precipitate in the tropics? 
What type of precipitation prevails in te tropics? 
‘What mechanism is involved in the formation of rain in 
warm clouds? 


Chapter 3 CONVECTION 


3.4. Types of Convection and 
the Inifiating Conditions 


Tho tropical atmosphere overlies the warm 
underlying surface which favours heating of its lowor layers 
and producing high temperature lapse rales. Most part of 
the tropics is known to consist of oceans, therefore the con- 
ditions to render sea-surface air wel can be present over vast 
area, The average temperature lapse rato for the lower half 
of the tropical troposphere is 0.55 °C/100 m; in the 500-m 
houndary layer it is close to the dry adiabatic. Owing to 
high temperature the mean moist-adiabatic temperature 
lapse rate in the tropics amounts to 0.45 “C/400 m. On the 
whole, therefore, the tropical atmosphere is conditionally 
unstable. 

Unstable balance of atmosphere plays the leading part in 
initiating convection. In the tropics, convection is produced 
by a mechanism which is almost identical to that in the 
middle latitudes. Tropical wind convergence, however, is 
a bit more important than its mid-latitude counterpart as 
sometimes it triggers, and drives a convection. A basic 
condition, obviously, is high humidity of tho air. Orography 
also makes its contribution. All the four factors—unstable 
balance, wind convergence, high humidity, and orography— 
influence convection in one way or another, the major one 
remaining unstable stratification of the atmosphere. Indeed, 
no factor can initiate convection ina slably stratified atmo- 
sphere. 

When present in combination with one or another of the 
mentioned factors, or with all of them, instability of vari- 
ous intensity gives rise to diferent types of convection. 
One of them is cumulus convection which results in shallow 
cumulus clouds frequently observed in the trades. A differ- 
ent type is deep, or penetrating, convection which promotes 
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formation of deep cumulonimbus clouds. This convection 
has drawn its name from the fact that it penetrates deoply 
above tho top of conditionally unstable atmosphere. A third 
type in this classification is suppressed convection which is 
a progenitor of a small numbor of cumulus humilis. Most 
typical for this convection is an atmospheric situation with 
orderly ascending motions in the boundary 1.5 to 2 km layer 
and descending motions above. Similar situations occur at 
times in the ITCZ (see Chap. 2), though they may be observed 
in other syuoptic systems as well (seo Chap. 5). 

Tiel us discuss the motion of an air parcel embedded in an 
atmospheric environment obeying the hydrostatic equation 


BAA) 


1 ap 
0 os 


a) 


where p is the density of air, dp/0z the vertical pressure gra- 
dient, g the acceleration of freo fall. 

Suppose that the hydrostatic balance inside the parcel is 
ofiset so that it obtains a vertical acceleration dw/dt. Then 
the verlical equation of motion can be written as 


(3.4.2) 


where p’ is the density and dp'/4z the prossure gradient along 
the vertical across the particle. 

If wo now assume, as is a custom in the parcel method, 
that the rising particles immediately adjust to the pressure 
of their surroundings so that dp/dz = dp’/z, then we oan 
climinato the pressure gradient hotween (3.4.1) and (3.1.2) 
to obtain 


Substituting p and 9” from the equation of state for air and 
assuming it being quasi-static (p = p’) yields 


(3.1.3) 


where T is the temperature. This is the well known buoyancy 
formula, Parcels which aro warmer than their surroundings 
will accelerate upward. Parcels which are cooler will ac- 
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celerate downward and return to and beyond their starting 


ol rises following tho dry adiabat, its temporature 
Ti Th—Ty Ae 

where Az is the height inorement, T'g tho dry adiabatic 

lapse rato, and 7", the temperature of the parcel at the ini- 

tial level. Suppose that the geometric (environmental) 

lapse rato ‘of the surroundings near the Tp level is T  M'ay 

then for Une surroundings 


T =f, —The 
Substituting 7 and 7” into (3.1.3) we get 
doy Loe PEW Ta) Ae 
a8 (3.4.4) 


Over land where tropical air is rather hot, at least in surface 
layers, it acquires an unstable stratification (I > T'a). 
(Zi, > To) experience, in accordance 
ve buoyancy and accelerate upward in 
what is at t called “termals”. 

Over oceans, at the initial level we often have 7’, 
which yields 


. 


When a parcel moves in the vertical through an environment 
with [<< ['y a restoring force appears which for a parcel 
of unit mass adyancod a unit displacoment is 


F £ Ta— 


‘Tho minus sign implies that the force is downward if the par- 
cel ascends and vice versa: 

In vertical movement of a saturated parcel its temperature 
varies moist-adiabatically. Making the samo typo of argu- 
ment, 


deat 
ae 


Tf, <P which is true at least for the lower half of the 
tropical troposphere, then F, > 0. It means that parcels 


become buoyant if the atmosphere is conditionally unstable. 

As will be recalled, any convection in the atmosphere im- 
plies the existence of ascending and, compensating them, 
desconding motions. Denote for some level z the area of as- 
cending motion as A, and that of descending as A-; also 
denote the typical displacement in updraft 24, and in down- 
draft 7. Owing to continuity of mass 


1jA4 = LAL 
so that the ascondingair mass be compensated for the descend- 
ing. 

The work done by descending displacements is 


W = FRA_ 


by the ascending 


and their ratio 
Wy 


ue (3.4.5) 


If energy isreleased in the process so that W/W. > 4, 
then 


Hence, the area of uplifting air mass must be at most 4/5 as 
large as the area of descent. 

From (3.1.5) it is readily seen that the more narrow is the 
cross-section area of an upstream, that is the smaller the 
sealo of the disturbance, the larger is the amount of energy 
that can be reloased in the updraft and the stronger the dis- 
turbance can be excited by the conditional instability. In 
other words, the conditional instability of the type can pro- 
duce small scale disturbances (cumulus scale convection 
cells) and taken alone is unable to form even small depres- 
sions or cloud clusters, which involve larger scale distur- 
pances. This is ordinary conditional instability, otherwise 
termed conditional instability of the first kind. 

‘The different conditions may occur in the moist-liably 
stratified areas of the tropical atmosphere. When conver- 
gence due to frictional inflow exists ovor a considerably 
large aroa in the planotary boundary layer, it may produce 
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large-scale fields of updraft currents, ‘Those currents drive 
the convection of even larger seale producing cloud clusters 
and fields. First, a sort of separating layer occurs above the 
cloud. Mixing with the surrounding air (see Sec. 3.2) cools 
the air surrounding the cloud. However, owing to lalent 
heat release, in-cloud temperatures remain higher than the 
onvironmental, accelerating the upward mass flow in the 
cloud into substantial velocities. The cloud air penctratos 
into the separating layer, evaporating droplots of the cloud 
Jower its temperature and the layer finally decays, creating 
conditions for the further enhancement of the convection. 
‘This process is ropoated at the following lovel extending 
into more higher layers. The rising cloud may protrude to- 
ward substantial heights not infrequently reaching the 
tropopause. The entire process develops into deep (penetral- 
ing) convection. It is this type of convection that is respon- 
sible for formation of cumalonimbi and cloud clusters. 
When the cooperative interaction between the cumulus con- 
yection and a large-scale perturhation leads to unstable growth 
of the large-sealo systom (which may be of the order of 190- 
200 km) the process is referred to as conditional instability 
of the second kind, or CISK. 

‘The lower half of the tropical troposphere is conditionally 
unstable almost everywhere, but convection sets in not al- 
ways oven where the conditions of CISK aro present. It 
implies that the conditional instability proper is not suf- 
ficiont for a convection to occur. Because of energy transfer 
upwards convection may cease rather quickly. Being warmed 
by latent heat of condensation the upper layer becomes 
less steep in the temperature lapse rate. Therefore, a source 
of “overheated” saturated parcels is required to support con- 
vection. This source, as in middle latitudes, can be provided 
by a convectively unstable layer (CUL). Where this layer exists 
jf serves a progenitor of a convection whose kind depends 
upon the onsetting atmospheric conditions. Ordinary con- 
vection gives rise to cumulus convection cells. Tf it is cond 
tional instability of the second kind, then deep convection 
sots in. If under any instability downward streams are ob- 
served above 4.5-2 km, then the process can develop only to 
suppressed convection. ‘The reason for that lies in that the 
downdraits form strong layers of separation which prevent 


3.1 Types of Convection B 


convection from penetrating further upwards. In the cireum- 
Stances, neither CISK nor the presence of a convectively 
Qmatablo layer can provide any material development of 
convection. 

Convectively unstable layer is normally situated at the 
earth's surface. It varies in depth from tens of metres to 
{ or 2 km, Convoniently, it is at times divided into a lower 
part, adjacent, to the oarth’s surface, and ono or soveral 
upper layers. Convection may be initiated in the lower and 
in the upper part as well. 

The adiabatic model of convection includes the following 
quantities. 

(1) The depth of convectively unstable layer, Mout. 

(2) The height of lifting condensation level, hye 

(3) The height of free convection level, fe. 

(4) The onergy of instability which is defined in torms 
of the moan tomperature difference between asconding par- 
ticle and environment, AT, and tho torminal velocity of 
convective upllow, w (in m sé). 

(5) Humidity of air, which is determined in, terms of the 
dew point doficit at the earth's surface (7 — Ta)o = ATag 
and by the sum of dew point deficits at various levels of 
free atmosphere, 220° (T — Tq) = ZATa. 

‘Analysis of convection in tho tropics by the adiabatic 
model is essontially the same as for the middle latitudes and 
is to be found in a course on basic meteorology. However, 
the paramoters of convection in the tropies somewhat differ 
from that in mid latitudes. 

Pablo 3.1 summarizes the mean values of convection para- 
meters that have been obtained by various authors from sound- 
ings over tho tropical Auntie during the GATE'72 and 
174 expeditions. The corresponding parameter values are 
given for comparison with the convection over land areas 
in the middle latitudes. 

From this table wo may infer the following conclusions. 
1. The dew point deficit in the lower layer of the tropical 
troposphore is smaller than at middle latitudes, and as a 
consequence the lifting condensation level situates lowor- 
9. The depth of convectively unstable layer during showers 
and Uhunderstorms is larger in middle latitudes than in the 
tropics. 
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Pa H 3. The height of free convection level and the strength of 
% 22 2 cumulus clouds (Ah = fe — hy.) inthe showors and thunder- 
a q storms of the tropics is markedly higher than in middle lati- 
tudes 

4. The energy of instability in the development of deop con- 
vection in the tropics is about 4.3 times as high as that in 
a8 aoe j the development of thunderstorms and about 2 times as that 
during showers in middle latitudes. 

Upon analysis of individual observations one may ex- 
tract from the wealth of conditions governing the parame- 
ters of convection the following which azo the most frequent. 
In mid-latitude summer, fine weather is observed over land 
with the atmosphere stably stratified and substantially dry 
Doth at the ground and aloft. In the tropical Atlantic, fine 
weather may be observed when the air is conditionally wi- 


3t 
33 


3.3 (10) 
1.70) 
2.509) 


& a ea 2 stable toward high altitudes and substantially humid at sea 
iE a as ¢ surface. ‘The convection may propagate as high as 10 to 
3 42 km, that is, elevate highor than on the days with thun- 
4 derstroms and showers in middle latitudes. It means that 
a 2 4 = + the conditions for the development of convection exist over 
2 bog See { the Atlantic permanently, but clouds cannot form because 

: = I the air aloft is relatively dry. In all the cases with oy Ala 
Pi $25 K separate cumuliformis areobserved whoso strongth 
et aes eae js markedly shallower than Ah = he — he. Observations 


indicate that the Lops of the clouds on tho rainloss days are 
at the level of dew point delicits of 6-7 K. These deficits 
| ara normally observed at the top of inversion layor in the 
trades. Under these conditions cloud tops become diffusive. 


2 
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3.2. An Entraining Jet Model 
‘of Cumulus Convection 


‘Table 3. Mean values of convection parameters in the tropics 


a. TW = trade wind belt. ML = middle iatitudes. 


‘The parameters of convection we have discussed 
in the previous section are based on the classical approach 
to convection analysis which treats convection adiabal 
cally, that is assuming that the air undergoing a convection 
uplift does not exchange heat and moisture with the envi- 
ronment, In turn, the environment is assumed not to change 
upon convection onset. The environment sotains ils slrati 
fication and distribution of humidity with height. The as- 
cending air changes its state adiabatically without any in- 
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teraction with the environment, With this assumption the 
ascending air will follow the path that is solely defined by 
the original state of the air, thatis, by its tomperaturo and 
humidity at the surface, yather than the environmental stra- 
tification. 

Observations indicate thal the adiabatic model describes 
the actual process very approximately since the assumption 
of tho ascending air being isolated from the environment 
contradicts the reality. The ascending air parcel is interacting 
vith the surroundings on its rise and undergoes continuous 
mixing. ‘his brings about a cooling of the parcel as the 
air mixed in is cooler and a fraction of cloud drops evapo 
jates from the parcel while it ascends. ‘The process of pono- 
tration of outside air in the developing cloud has become 
known as entrainment. Entrainment substantially changes 
the temperature lapse rate and water content of a cloud 
thus changing the very character of the cloud. So, for exam= 
ple, even with an appropriate instability the development 
vf a cloud in a low-humidity atmosphere terminates on the 
stage of cumulus humilis. ‘On the other side, favourable 
comlitions for the development of shower-prone cumuli can 
he created with a moderate instability but the relative humi- 
dity must be at least 75% up to the 500 mb level. 

Models involving entrainment describe the real convection 
processes generally better oth in the middle latitudes and 
in the tropics. In what follows we shall consider one of the 
models: 

Tt is essentially based on the theory of free turbulent 
jet in a drifting current. Tn contrast to the well known adia- 
hatic models, this model accounts for mixing of cloud (jet) 
with environmental air. The respective vertical flows, tem- 
perature field and other parameters aro computed with due 
allowance for variable mass of the moving parcels. 

The basic parameter in the theory ‘of iree turbulent flows 
is tho mass rate of flow, m, numerically equal to the amount 
OE air with density p’ passing the section of flow s’ in unit 


time 
m= p'stw 8.2.4) 


whore w is the vertical velocity; the primed quantities 
henceforth will designate those of the cloud (jet). 


‘The momentum of mass rate will be, accordingly, 


mw = p's’ (3.2.2) 

To write the momentum equation we should equate its 
change in time to tho sum of all acting forces. For a dovel- 
oped jot, the Iriction force, viseous drag of cloud motion and 
Sthor forces are considerably less than the buoyancy foree, 
so that 


p's'we (3.2.8) 


t 
e 


hore, p = density of air outside the cloud (jet). 
Solving (3.2.3) for dw/dé we get 


dw o—p' 4 a a 
a= Loe 7 (p's'w) (3.2.4) 


Multiplying (8.2.4) by 4/w and recalling that w = de/dé 
yields 
a Aes, 
iC are Ap O's’) 


“ae = 


(8.2.5) 


Experiments have revealed that entrainment, i.e. relative 
change of mass rato in time, is proportional to 2”/7', thus 


(3.2.6) 


whore R is the radius of the cloud (jet), 7” the air tempera- 
ture, ¢ the entrainment constant (a dimensionless quantity 
assumed to be equal to 0.2). 

Subject to (3.2.6) the equation (3.2.5) becomes 


where 7’, is the virtual temperature, 8’ the amount of both 
icald and solid water, § the moisture content outside the 
low. 
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Proceeding in a similar fashion we may obtain the equa- 
tions for temperature 7” and relative humidity 4 
ty a8; 


ca 


8 w Le 
“at 


3.2.8) 
28) 
Me 
-{ Tine a 
+e eae) ir} (3.2.9) 


Hore, Lz is the specific latont heat of condensation, I; the 
specilie melting heat of ico, ¢» the specific heat of dry air 
aL constant pressure, # the Boltzmann constant, V the 
‘Avogadyo number, M the molecular mass of air, my the 
molecular mass of water vapour, @, the saturation vapour 
pressure, 84, the amount of water, and 8; the amount of ice. 
Tf these equations are added by the equations for the 
radius of the jet # 
2 aR ot _dw 
Qa We wat Pa 


and the total water content of the cloud 
as mre dg (_Le AP Mg 
da Mp [ etd ( PT ds + NAT ) 
Ry tet Pana 
— [Be tae} 8 | ae 


then we arrive ab the set of five simultaneous equations 
(.2.7) through (3.2.14) in five unknowns: w, 7’, q', R,and 
$5, 4. 8h Yet these equations do not complete the 
model. Sinze the cloud is deformed by a lateral wind the 
set has to bo supplemented with a relationship for the hori- 
zontal wind component of the cloud, v- 

Figure 3.1 displays a routine computational pattern of 
cumulus cloud convection parameters with the simultaneous 
sot of (3.2.7)-(3-2.11). It is seen that the cloud develops 
much higher above the level 7 = 1". The neck in mid-tropo- 
sphere is a shallow inversion layer which the cloud has pro- 
truded to build up to 10 km height. As we have discussed in 


(3.2.44) 
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Fig, 31 (a), Cumulonimbus cload simulated with a jet entrainment 
Fig: Por distributions of temperature, humidity, and wind typically 
mor over the tropical ocean ond an initial updraft wy = 9 ms 
(b Vertical profiles of: 


vertical convection, ®, (computed: wind velocity, 
Yertatadiees 7, (observedy; cloud temperature 


(observed); environmental 
(computed) 


Sec. 2.5, the penetration of an inversion layer by a cloud 
can often be observed in the tropical atmosphere. If we per- 
form the above computation with the same initial data set as 
in Fig. 3-1 but for one alteration wy = 1 m s7, the result 
Will be that of Fig. 3.2, that is, this time the cloud is unable 
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Fig 3.3 Same as Fig. 34 but for an inversion depth twofold increased 


to overturn the inversion layer. Processing again with the 
data of Fig. 3.4 but with a twice stronger inversion layer, 
the cloud cannot ascend above the inversion layer even with 
5 ms, topping at 3 km level (Fig. 3.3). 

‘a various initial data sets reilecting the real state of 
the tropical atmosphere, the model is capable of simulating 
practically all tho variety of clond types met in the tropics. 
For example, strong inversion layers are most frequent over 
the eastern portions of the tropical oceans making here 


clouds with flat tops more frequent than at the wesiern parts 
of the oceans where the inversions are weaker and can easily 
be protruded by clouds which then develop high aloft. Strong 
cumulonimbi, therefore, aro more often observed over the 
westorn parts of Lhe ocoans, producing heavy rains here move 
frequently (seo also Soo. 2.6). ‘The simulation of the cloud 
shapes well confirms the observed pattern. 


Review Questions 


1. Which factors are benelicial for convection in the tropics? 

9. How can ordinary conditional instability be defined? 

3, What is conditional instability of the second kind (CISK)? 

4, Enumerate the convection forms in the topics. 

5. What is the role of the convectively unstable layer in 
development of convection? 

6. Enumerate the parameters of convection involved in the 
adiabatic model. 

7. Whore lio the shoricomings of the adiabatic model? 

8. What is entrainment? What effects can it cause? 

9, What is tho basic idoa of the entraining jet model of 
cumulus convection? 

40. Derive the velocity lapso rate equations for the ent 
ing jet model. 

44, Describe the equations that make up the simultancous 
set of the model. 

12. What must be the conditions for a cloud to protrude 
above an inversion layer? 


in- 
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Chapter 4 TROPICAL SYNOPTIC ANALYSIS 


‘Tropical meloorology has not produced any in- 
novations in synoptic representations of data. Surface and 
upper level constant pressure charts are plotted and an- 
alyzod asin the middle latitudes. Since the station density 
over most parts of the Lropics is vory low the use of time 
Sections at key stations is frequently practiced along with 
calculation of vorticity and wind divergence, and local 
signs of weather changes. 


4.4 The Time Section 


‘An analyst’s success may largely depend on 
keeping good time sections, Such sections show the complete 
picture of Une state of the weather at oae location for some 
particular length of time, ‘They provide a means for eb- 
serving time of passage, structure, intensity and ap- 
proximate horizontal dimensions of disturbances. In cor- 
relating the diflerent olemonts of a time section the analyst 
can fully employ all his synoptic and theoretical knowl- 
edge. He is also enabled to delect errors and unrepresen- 
tative observations with greatest certainty and forecast 
weather over a radius up to 700-800 kim 

‘The vertical coordinate of time sections can be height, 
prossure or geopotential. Time is plotted from leit to right 
6n the section when the station is located in the trades, where 
systems predominantly move from the east. lt is plotted 
from right to left for the westerlies. Lf disturbances move at 
a fairly steady rale, the time section then becomes equiva- 
Jent to a space cross section. 

‘The following elements are suggested for plotting: 
(1) all upper winds; 
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2) YW-hour surface-pressure changes as often as available; 

(3) 3- or G-hour surfase reports; 

(4) %-hour changes of the height of upper ‘obaric surfaces; 

(5) pressures, tomperatures, and humidities of upper ait. 
‘The analysis consists of entering 

(1) trough lines and shear lines (orange): 

(2) height of the 5 g/kg moisture surface in the rainy season 

(green); 

3) base and top of trade inversion (purple); 

3 tropopauses (purple); 

5) isolines of 24-hour height changes of upper isobaric sur- 

faces (black). 


4.2 The Surface Chart 


Surface maps in the tropics are plotted on data 
of standard observations at weathor stations. The data are 
ontered with internationally standardized rules, symbols, 
and graphies. In chart analysis, besides isobars, the TTCZ 
js found and plotted and, if needed, also the stream lines 
and 24-hour isallobars. 

‘Analysis of conventional surface charts has remained the 
standard practice of Torecast services. Isobars are drawn 
at 3-mb intervals; 2-mb and even t-mb intervals are more 
appropriate equatorward of latitudes 20°. 

Isohavic field in tropical zones is less informative as com- 
pared with that of highor latitudes. Superposition of Ue 
semidiurnal pressure wave on the synoptic pressure pat- 
tern produces appreciable deformations. So the troughs 
that overlap the semidiurnal oscillation minimum have their 
center lines and the adjoining ridges to appear deeper, while 
the troughs that coincide with the maximum of the wave 
Took shallower and the ridges stronger than natural. In 
addition, the overlaying wave induces in the initially un- 
disturbed field the ridges and troughs that displace rapidly 
with the wave, that is at the speed many times that of com- 
mon synoptic objects in circulation cells. ‘The wave maxima 
and minima alternate at a meridian every six hours so that 
the sign of the deformations changes with each 6-hour map. 

The ITCZ is traced omploying similar procedures as for 
fronts on the temperate zone maps. The first approximation 
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is that the ITCZ essentially coincides with the equatorial 
trough line, then a consideration is given to the distribu- 
tions of wind, cloudiness and precipitation, characteristic 
of the convergence zone (see also Secs. 2.2, 2.3, and 5.2). 
Satellite imagery of cloudiness may prove of great value. 
Obviously, the tracing of the ITCZ on weather maps calls 
for a certain analytical maturity. 


4.3. The Upper-air Chart 


The tropical troposphere is usually divided into 
a lower and an upper portion with different flow configura- 
tions. Waves of small amplitude moving in a broad basic 
current often characterize one layer, while vortices of large 
dimension predominate in the other. A more representative 
layer for low-latitude analysis is 850 mb; for high-latitude 
analysis, 200 mb. Choice of the levels, certainly, depends 
on region and season. 

Near the boundary between the two tropospheric layors 
the wind often shifts rapidly; the height of the boundary 
fluctuates in space and time and cannot bo located in ad- 
vance. The analyst who works with charts located in the 
layor of strong vertical shear is ata serious disadvantage as 
ho has to analyze all the available levels. 

Since the slopes of isobaric surfaces in the tropics are 
very small it is never possible to make a reliable analysis 
from pressure-height data alone. Sine wind and contour 
directions can deviate appreciably and the spacing between 
two stations is often very great, stroamline analysis is often 
more satisfactory. Its object is to represent the ficlds of 
wind direction and wind speed, and therefore the fields of 
vorticity and divergence, which are so important in all 
synoptic work. 

The degree to which these objectives are attainable depends 
entirely on quantity and quality of the observations. There 
exist several ways to approach a streamline ficld. 

4. When stations are widely spaced, many analysts extra- 
polate trough lines, shear lines and centers from the time 
sections and past maps and then sketch streamlines that 
approximately outline the field of wind direction. A fairly 
approximate analysis results. 


2. When a dense network of wind reports is available, the 
analyst can resort to more sophisticated methods. Stream- 
lines can be drawn with spacing inversely proportional 
to the wind speed. This however is a cumbersome task requir- 
ing much time. 

3. More practicable methods have been developed by Bjerk- 
nes and Sandstrim. The fields of wind direction and wind 
speed are drawn soparalely. As before, the field of wind direc- 
tion is represonted by stroamlines fittod so that the lines 
everywhere are tangent to the wind. Very ofton it is dif- 
ficult to arrive at an accurate streamline analysis by free- 
hand drawing. For this reason it has been recommended that 
isogons, lines connecting points with equal wind directi 
bo drawn prior to streamlines. Construction of an isogon 
field is difficult and requires much practice. Isogons need not 
bo continuous lines like isobars. For instance, at the center 
of a vortex the wind is zero; all wind directions aro found a 
short distance away. Isogons for all directions therefore 
emanate from a vortex center. 

‘The isogon technique requires concentrated attention to 
detail; therefore it should be carried out in limited areas 
only, say, in the areas of the greatest analytical interest. 
After completion of tho isogons we can draw a number of 
short linos (arrows) on each isogon parallel to the wind 
direction. In practice this is quickly done with an isogon 
board. Many new “winds” are created by this technique to 
aid in the drawing of streamlines. 

Lines connecting points with equal wind speed are called 
isolachs or sometimes isovels. They are usually drawn after 
the streamlines. The gradient of wind speed in the area must 
dictate the isotach interval to be used. For the low levels 
of the tropics isolines of 5-knot interval (2.5 m 
recommended. In the high troposphere, where the wind s 
gradiont is much stronger, {0-or even 20-knot intel 
(5 or 10 ms“) may he most suitable. In jet stream zones 
the isotachs tend to be parallel to the streamlines, and the 
centers of high wind speed are ellipses with a long major and 
short minor axis. Isotachs are drawn with the same rules 
that apply to isobars, 

Most often the weather charts reveal the following special 
streamline configurations of wind field, 
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Fig. 4.1 Special characteristics of wind fields: 


{@) points of divergence and conv 8) eo! or sada 
Seudtat staontines (o) tines of convergenes ang divenmences asymplote 
discontinulttes of the wind: and () wavelike disturbance tha wind 


1. Points of convergence or divergence (Fig. 4.1a). At 
these points the wind speed is zero and therefore the direc- 
tion indeterminate. They are called “singular” points. In a 
field of pure divergence, the streamlines emanate from a center 
or converge toward it as straight lines. If rotation is added, 
the streamlines spiral inward or outward, either clockwise 
or counterclockwise, similar to anticyclonic or cyclonic 
systems of the temperate zone. 


2. Neutral points, also called cols or saddle points (Fig. 4.1). 
Ala neutral point the air is calm so that neutral points are 
also singular points. The streamlines in the vicinity of this 
point characterize the air circulation in a deformed stream 
field, Similar systems may be found in the middle latitudes 
as well. 

3. Linos or curves of streamline convergence and diver- 
gence (Fig. 4.1c). Palmer calls these lines asymptotes. This 
name is widely used by analysts dealing with tropical wind 
fiolds. The asymptotes can be defined as the streamlines from 
which diverge or toward which converge the adjacent stream- 
lines. The first are called the divergence or positive asymp- 
totes and the second the convergence or negative asymptotes. 
‘Theoretically the neighbouring lines should not touch the 
asymptote, yet in practice they morge with it because of 
small scale of synoptic charts. Evaluation of asymptotes 
is an important stage in a wind field analysis. They arc 
helpful in defining the gencral configuration of a streamline 
field. It should be kept in mind, however, that a divergence, 
or convergence, cannot be decided by the asymptotes alone. 
Rather, the distribution of wind velocity magnitude should 
be taken into account (see Sec. 4.4), too. Asymptotes coincide 
with the center lines of troughs and ridges. 

4, Line discontinuities of the wind. They are simple yet 
important streamline systems for the tropical analyst 
(Fig. 41d). With ample data available their tracing is rather 
simple, but may become tedious when data is sparse. 

5. Waves in the streamline field designating the presence 
of a disturbance in the wind field. They appear normally in 
wide zonal flows, propagating mainly only over a portion of 
it (Fig. 41e). 

Irrospoctivoly of the drawing procedure chosen, the analyst 
should locate the special features at the outset of the anal- 
ysis and mark them. The sketching of streamlines should 
then start in the simplest portions of the map and proceed 
from there to the more complicated areas. Enough lines 
should be drawn to depict the whole field, but not too many. 
‘Al the end it isconvenient to mark troughs, ridges, streamline 
convergence and divergence lines, and wind discontinuities. 
To precisely identify the lines of ridges and troughs the anal- 
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yst should evaluate the points of maximum curvature. 
For comparison, he should also mark the former position of 
the higher order characteristics. 


4.4 Fields of Divergence 
and Vorticity 


Fields of streamlines and isotachs permit com~ 
plete evaluation of the field of velocity divergence. In the 
natural coordinate system 

div, V=D= ty 


as On 


whore s is tho coordinate in the direction of flow, f tho angu- 
lar direction of the wind, and n the coordinate along a normal 
to the flow direction. 

‘The field of velocity divergence is seen to he produced by 
(a) variations of wind speed along the streamlines and (b) 
coming togethor or going apart of the streamlines. 

When the wind speed increases downstream in a field of 
parallol streamlines, wo have divergence; when it, decreases, 
convergence. 

When the streamlines go apart in an area with uniform 
wind speod along the streamlines, we have divergence; 
when they como together, convorgence. 

Tn an actual wind field'the velocity seldom romains co 
slant following the flow and the streamlines novor parallel 
for long. Usually both above factors of the divergence act 
in combination, with the streamlines converging or diverg- 
ing and tho speed varying along tho flow. Streamline fan- 
ning alone need by no means denote divergence 

Whon the wind speed increases downstream and the stream- 
lines fan out, we have divergence: otherwise its presence is 
subject to the condition 


av. ap 
Vay B 
Be | Oa 


When the wind speed decreases downstream and the stream- 
lines approach each other, we have convergence in accord~ 


ance with the condition 
ov ap 
tev 

Tt should be kept in mind that when the wind speed de- 
creases downstream and the streamlines spread out and 
when the wind speed increases downstream and the stream- 
lines come together, the divergence become a small residual 
of two large opposing terms. In genoral it cannot be mea- 
sured, as only a minor error inovaluating either component, 
or both, can alter tho sign of the small residual. [n middle 
and high latitudes, such patterns of flow are most frequent, 
i.e. the geostrophic wind is a fair approximation. 

Tn the tropics, the geostrophie control is much weaker, 
and direct ovaluation of the divergence field, or at least its 
sign, has a better chance of success. It is a good rule for 
the analyst to locate the areas whore both components of the 
divergence act in the same sonso. ‘They are the active re- 
gions. Elsewhere in the tropics little development is likely, 
as the flow tends to be “balanced”. 

In general for the tropics the value of divergence is scaled 
to be of the order 1078 s-!. It is a good practice to compute 
divergence for some area, A, encompassed by a contour, I, 
rather than a single point. Then the average divergence for 
this area is 


(4AM) 


where 


Vy = Et Vayt! 

is the mean projection of wind velocity vector on tho outer 
normal to the contour Z, and m is the number of sampling 
points on the contour. 

Falkovich estimated the divergence computed with the 
equation (44-4) to be a divergence of disturbances having a 
characteristic scale of 2 or 3 times the diameter of the area A 
enclosed by tho contour .. Therefore to estimate the diver- 
gence of synoptic scale disturbances (characteristic length 
£1 1000-1500 km) F must be chosen such that the diameter of 
computing area be about 500 km. 

Slreamline-isotach analysis permits also computation and 
construction of vorticity fields, Contrary to the middle lati- 
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tudos, whore vorticity can be deduced from the field of 
geopotential or pressure, this procedure can no longer be 
adhered to in the tropics. In low latitudes, vorticity can 
be obtained only from wind data. 

Similar to computations of divergence fields, vorticity 
is recommended to be ovaluated for some area, A, within 
an enclosing contour, Z. Then the average value of vor- 
ticity £ is computed with the formula 


c=47, (44.2) 


where 


ton 
Vise pay Mt 
is the mean projection of wind velocity vector on a line tan- 
gent to the contour /. By convention the positive direction 
of the tangent line is counterclockwise in the Northern 
Hemisphere and clockwise in the Southern Hemisphere. 
Weather forecasting of late in the tropics has divergence 
in ever frequent use as a synoptic factor. To illustrate we 
discuss one of the procedures. 
Assuming a constant density, the continuity equation pro- 
vides the following relation between divergence and verti- 
eal motion 


wy — { Das 
3 


(AA.3) 


where wy is the vertical velocity at the bottom of a layer Az, 
w the vertical volocity at the top of the layer, D = div, 
== duldx +- dv/dy the two-dimensional horizontal diver- 
gence, and z the vertical coordinate. 

When the bottom of the layer under consideration is at 
the ground level where vertical motion is zero, then 


w= — | Das 
0 
or averaging the divergence for the layer from 0 to z 
v= —D: 


(4.4.4) 


‘The vertical movement accordingly will have the same sign 
throughout the layer and the speed will increase from the 
surface to the top. When D > 0 the equation (4.4.4) yields 
downward movement, and when D <0 upward movement. 

The average value of divergence may not always lead to 
correct estimation of vertical movements, since more rigor- 
ously they are not independent of the divergence variability 
with height. 

Let us divide the layor under discussion in two sublayers, 
the lower Az, and upper Azy. ‘Then the equation (4.4.3) 
rewrites 


) Ddz= —D, Az~ Dy Atw 


w= —| Dde=—\ Daz 

a a F 
where D, is the average divergence in the lower layer, and 
D,, is the average divergence in the top layer. 


“Phe ascending motion will be observed when 
=D, Aay — Dy Sey > 0 


This inequality will be satisfied if 

(1) Di < Gand D, <0, that is, convergence takes place 
in both layers; 

©) Di <0, Dy >O, but Asp | Dr} > AtDus is 
air converges in the lower and diverges in the upper 
and the product of the absolute value of convergence and 
the lower layer thickness must be higher than that of diver- 
gence times the upper layer. Assuming the layers are of 
oqual thickness, the magnitude of the lower layer conver- 
gence must be larger than the upper layer divergence, or 
otherwise if the convergence and divergence are equal in 
magnitude, the upper layer must be more shallow. 

(3) Di > 0, Dy <0, but AzD,> Asy | Du |, Le. with 
divergence in’ the bottom layer and convergence in the top 
layer. The product of the divergence by the lower layer depth 
must be lower than the absolute value of the convergence 
multiplied by the upper layer depth. With both depths equal, 
the divorgenco must be lower than convergence; otherwise, 
when the convergence equals the divergence the lower layer 
must be thinner. 
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Descending motions (w <0) will be obsorved when 
—D; zy — Dy Ney <0 


‘This inequality is satisfied when the following conditions 
are met. 

(1) Di 0 and Dy >0, ie. ilivergence takes place in 
both layers; 

(2), <0, Dy > 0, but Az; |D, |< AzyDy, that is tho 
air in the lower layer converges and in the upper layer di- 
verges, yeb the product of the absolute value of convergonce 
and the lower layer depth must bo less than that of tho di- 
vergence and the upper layer depth. Both layers equal in 
dopth, the convergence in the lower layer must be less than 
the divergence in tho upper layer in magnitude. ‘The diver- 
gence and convergence being equal in magnitude, the con- 
vergent layer must be more shallow than the divergent. 

3) D, 0, Dy <0, but AzD, > Az | Duh io. the 
uppor layer is convergent, the lower layer divergent, and 
the product of the lower layer into its divergence must be 
larger in value than the product of the absolute value of the 
convergence into the upper layer. Should both layers be 
oqual in depth, Use divergence must be larger than conver- 
gence; should the divergence and convergence balance in 
magnitude, the lower layer must have larger depth than the 
upper. 

‘The value of divergence at the initial moment not always 
proves to bo a representative indicator of changing, or 
stabilizing, weather. The efforts to employ divergenco at 
the zero time for further forecasting by synoptic methods 
failed to produce the wanted objective. This is due to the 
fact. that divergence is variable in neture. Its further value 
depends on certain factors, major of which being the values 
of divergence and vorticity at the level of origin. Subsequent. 
values of vorticity can also exert their influence on the 
changing weather. Therefore, weather variability, or stabil- 
ity, is governed by a combined action of divergence and 
yorti Several countries in the tropics have succcoded 
in obtaining fairly reliable relations between the weather 
conditions and combinations of divergence and vorticity. 

Let us recourse to the vorticity equation in the form 


f= —(C+/) D.—bo (4.4.5) 
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where B = af/ay is the Rossby number, 
Now we write the divergence equation in the form 
D={C—D'4-2J (u, v)—Pu—avip (4.4.6) 
where 


dude dud 
F(a, vy he ee 
(u,v) dy oe 


is the Jacobian D(x, v)/D (a y), and a = tip. 

‘The equations (4.4.5) and (4.4.6) are very hard to compute 
divergence and ils change. he computation obviously 
becomes simpler if a way is found towards noglecting some 
of the terms on the right hand sides of tho equations. 

A. Krueger has estimated tho terms of (4.4.5) and (4.4.6) 
for the tropical region. The average value of both vorticity 
and divergence is 3 x 10 st at normal conditions for 
layors of about 1.5 km deep. The quantity Vip is much 
harder to seale. According to Krueger, it is around 5 
X 107 5, and the terms /& and D* around 10° s-*. The 
quantity J(u, v) depends totally on the structure of the 
flow. In potential, i.e. non-edding, both linoar and curvili- 
near, flow, the quantity J(u, v) must be zero very nearly. 
However it gains significantly when a disturbance is intro- 
duced in the flow. In the tropics the disturbed flows are 
more frequent than the linear and ordered ones. When 
J(u, v) is of a material value, the terms —D® and 2J (u, v) 
may be shown to cancel out, ie. —D* + 2/ (u, v) = 0. 
For the mean wind speed and time intervals of 6 to 12 
hours, the estimation shows the terms fu and By may be 
neglected. Vor larger time intervals, however, this’ may 
no longer be done. In the nearequatorial regions with 
@<T the terms ff and J (u, v) are negligibly small. For 
the topical areas away from the oquator (p> 7°), the 
terms Wp and J (wu, v) may be neglected or, letting —D* 
-+ 2J (u, v) be equal to zero, the quantity Vp alone. 
Tn view of above, for a disordered flow tho equations (4.4.3) 
and (4.4.4) feom latitude 7° away may be written ina sim- 
plified form 


g=-G40D (44.7) 
B=ft (44.8) 
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From latitude 7° equatorward we may write only the 
equation for orderly motions 


Di D (4.4.9) 


For latitudes equal to 7° and further poleward the com- 
plete equations may be simplified as follows 


—G+/D 
D=ft—D* 
In accordance with the equations (4.4.9) nearequatorial 
divergence varies independently of vorticity, | 
Tor the oxtracquatorial regions with p > 7°, variation 
of divergence depends on the initial values of the diver- 
gonce, Dy, and vorticity, f- To find the divergence as 
t function of timo wo neod to solve a simultancous set 
of equations (44.7), (44.8), (AsO), and (4411). 6 
In the equatorial latitudes of 9 < 7 with V?p = 
Di)=72s (4.4.12) 


=TEOe 


—ayep 


(44.40) 
(44d) 


g 


or V7p > 0 
p=! VaR —aVap tan (Vavep) 1 


AAA 
Satay, M8) 


for vip <0 


= avtp tanh (Y= aN") (4.4.44) 
Do tan (V — ap) t 


Ii a divergence is given by its initial field and the Lap: 
lacian of pressure is deemed consiant within « considere 
interval of time (V?p = const), then the divergence may 
he computed over this interval toward the subsequen 
time point. Jf in some area 


Dy =O and Vp>0 


at tho initial moment, thon in a reasonably large thine ie 
the equation (4.4.13) predicts a convergence zone which 
as a rule becomes an area of thundorstorm activity. | 

Hence, in the equatorial region at J (i, v) =0 a vas 
area of unstable weather can develop. The thunderstorm 
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activity here progresses in narrow strips which become 
known as lines of disturbance. ‘The lines of disturbance give 
rise to squalls, henco another namo for them is squall lines. 
Synoptic maps, unfortunately, are unsuitable to follow 
movement of disturbance lines. A most striking feature 
of the lines is in that they form, suddenly disappear and 
reappear within an area of relatively largo positive Laplacian 
of pressure, Vp, that is within the area of disturbance. 

Radar surveillance materially facilitates tracking of 
squall lines and their study. With radar sets, the researcher 
can track the motion and evolution of the objects to enter 
the collected data on a map and assess their structure in 
more detail. So it has hecome known that the squall lines 
exist longer than scparate cumulonimbi producing them. 
‘The clouds may exist on a squall line as Jong as 40 minutes 
to an hour (in some cases somewhat longer) whereas the 
squall lines may live for soveral hours. Within the structure 
some clouds decay, others carry on existing; in place of 
disappeared clouds new convective cells ocewr to produce 
new clouds and thus to support the life cycle of the line. 

Squall lines are most often met over West Africa and 
India, Mechanisms by which they form are nearly identical 
for both areas. In West Africa, they evolve in moist south- 
east draft of the low troposphere, while aloft, in the 


+mid- and uppér troposphere, easterly currents transfer 


relatively dry air. This signifies a well defined vertical 
wind shear in the troposphere. Since easterly currents 
provail tho system of cumulonimbus clouds travels from 
east to wost. ‘Tho asconding moist air that intrudes the 
bottom layer of a cloud in its forepart (Fig. 4.2) is immo- 
diately uplifted by the casterly flows and pushed ahead 
of the main cloud column. The easterly currents of the 
midcle troposphore trying to catch up with the disturbance 
have to descend. On their downward motion they penetrate 
the precipitation area where rain falls out from both the 
main cloud column and an extended part of the cumulonim- 
bus cloud adjoining from the rear. ivaporation in the rain 
brings about a profound cooling of the descending under- 
cloud currents with tho result that a circulation begins 
in the squall line, which strongly resembles the circulation 
at cold fronts (sve Fig. 4.2). However, disturbance lines 
a-osren 
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Squalts 707% ¢ 


ematie cross-section through a line of squalls, representing 
ietribution of streamlines (after Hauilton and Arehbold) 


do not divide air masses of different propertios and cannot 
therefore be taken as fronts, 

The areas of disturbance to be related with squall lines 
form as a rule in the afternoon when the conditions are set 
in that favour development of convection, Some convections 
are known to have occurred by night. But normally the 
areas of disturbance disappear by night. A variety of orogra- 
phic inhomogeneities (surface relief, uplands, valleys, bill 
chains, etc.) often adds in squall lines development in 
disturbance areas. Water surface and some land regions 
having stably stratified layers above favour on the contrary 
to squall lines destruction. 

‘The life cycle of the disturbance area in a uniform-speed 
current amounts to 6 to 12 hours. 

In tho nearequatorial arcas with disordered motion for 
which J(u, ») 0 the equation (4.4.14) can no longer 
be representative. In the circumstances the disturbance 
lines aro ossontially motionless to stay at the same latitude 
for a long time. An example of the pattern can be delivered 
by the region of West Africa, Henco, in the areas with 
disordered motions of air an extreme care should be exercised 


in oxtonding the above conclusions on the development 
of and procosses in disturbance lines. 

For the extraequatorial tropics of latitudes 7° to 20°, 
the genoral solntions of (4.4.7) and (4.4.8) will be of the 
orm 


Dt) =Dy+ fal —f (Co-+ I) Do- 
Got f) (DR fo) Gp meee eee 4415) 


fr (2 


B= bobo Ff) | Pot (Ds Pha) 
—4ft) te 


Within latitudes 7° and 20°, those series will converge 
for 6-hour intervals. If we truncate the series on the term 
of & thon an error of about 2% results for both D and t. 
Truncation with the @ term yields an error of 10%. If the 
10 per cont error is agreeable, the series with only the first 
threo terms retained will be 

D(t)= Dy fat —f oF 1) Dol? (4.4.47) 
EW) =bo— (Go +1) Wot —(D3— fo) #12] (4.4.18) 
_ From (4.4.47) a future divergence is to depend on the 
initial values of divergence and relative vorticity (Dy and 


) and absolute vorticity (+ f)- 
When the initial field is nondivergent (Dy = 0), (4.4.17) 


yields 
D (t) = fot 


that is at £, > 0 a divergence oceurs and at fo <0 a con- 
vergence. From the above scaling, the quantity ff, is of 
order 10-® s~®, Hence, already in 3 hours (t= 10 800 
104 s) the divergence will be of order 10-% s~t. 
For an initially divergent field having a zero vorticity 
(Dy #0, Cy = 0) we have 
D (t) =D, — PD tl2 


that is the divergonce will diminish with time, approaching 
zero asymptotically. However, it will belittle in intensity 
very slowly. P 


7 


+D,(D}— 


| 44.18) 
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It is a simple matter to see that the expected vorticity 
also depends on the initial values of vorticity and diver- 
gence (fy and D,). Let at first assume that we have a zero 
vorticity field, C = 0, then 


(t) = — Do} 


Since the first term of the expression is by an order of mag- 
nitude larger than the last, ab f > 0 and Dy > 0 the vorti- 
city will be nogative, and at Dy < 0 positive, ie. & (t) > 0. 
It implies that the field of initially positive divergence will 
give rise to the anticyclonic vortex, whereas the field of 
negative initial divergence will support the cyclonic vortex. 

Now assume that a field under discussion is nondivergent 


(Do = 0) then 
6) = bo — Go + f) Fooi*/2 


It is readily seen that in an initially nondivergent field 
the cycloni¢ vortex will slowly die out. ‘The anticyclonic 
vortex also will recede at | |< but develop stronger 
at | So | > 7. 

In the real atmosphere the wind field always, or almost 
always is divergent and has a property of vorticity. The 
computations are thus bound to be conducted with the 
complete expressions. For convonioncy, the calculations 
may be effected beforehand and the results entered into 
a table. 

To illustrate, assume that we seek divergence for a loca- 
tion at 17° latitude in 6 hours beyond tho time zero. At the 
time D, = 107 s and €, = —2 Xx 10° s 

‘The Coriolis parameter at 17° latitude 


= 29 sin 17° = 4.4 x 10% s* 


Dapee/2 


The projection period in seconds is #— 6 hours 
= 21600 s 22.2 x 10" s, honce 2/2 ~ 2.3 x 10° st 
Now we have at hand all the required data base. Substitut- 
ing into the formula (4.4.17) yields 
D (6) =10 + 4.4 % 1075 (—2 x 10°) 2.2 x 10 

4.4% 10 (—2 x 10° + 4.4 x 10%) 10° x 2.3 x 108 
= 10° 1.8 x 10% —0.2 x 10% = —40° st 


In six hours therefore this location is to experience a con- 
vergence, and, as a result, a worsening of the weather. 

Palmer has given a series of empirically deduced rules 
relating divergence (convergence) and weather for the 
Marshall [slands area (5-14°N, 160-172°R). ‘They are usually 
treated as prognostic rules which are not to apply throughout 
the tropics unequivocally, rather, they may bo used as 
a prototype to infer similar relations for any other tropical 
regions. 

To circumvent the effects of computational errors in eval- 
uating the convergence (divergence) or its forecasting the 
Palmer rules treat the weather element as being of the four 
sequential grad 


0-5 10°6 weak 
51-25 x 10°6 moderate 
25.1-40 x 10-6 strong 
more than 40 x 10-¢ very strong 


First rule. In the areas of moderate or strong divergence 
at 600-800 m altitude the dominating cloud type will be 
cumulus humilis in the emount that will not be higher 
than 4 balls. 

Second rule. When a moderate divergence at 600-800 m 
altitude is paralleled by vertical wind shear at 1-3 km 
altitude, tho cumulus elouds are expected to spread out 
to form’ stratocumuli in increasing proportion. 

Third rule. Tn the Northern Hemisphere, north of the 
strongest wind area in the trades, where a pronounced 
vertical wind shear is observed in lower layers of the atmo- 
sphere and the trade inversion is also low, the prevailing 
clouds are mostly stratocumuli, Whon a divergence occurs 
thore at 600-800 m altitude, the stratocumulus field sepa- 
rates, producing wide gaps. However, when ovon a woak 
convergence is present, an overcast stratocumulus canopy 
is formed, with cumulus clouds encountered rather seldom 
and in small amounts. 

Fourth rule. When even a light wind shear is present 
south of tho strongest. wind area in the trades at 1-3 km 
altilude and a weak or moderate convergence is noted at 
600-800 m, then cumulus mediocris and cumulus congestus 


402 Ch. 4 Tropical Synoptic Analysis 


45 Air Masses 103 


are expected to form. in an amount not higher than 5 balls. 
With strong and very strong convergence the clouds increase 
in dopth up to cumolonimbi, the number of clouds increasing 
insignificantly. 

Fitth rule. When the asymptote of convergence in the 
streamline field at the 500 m level superimposes the relative 
minimum of wind speed in the area, then a line of cumulus 
congestus or cumulonimbus clouds is observed along the 
asymptote. This system is similar to the cold front in the 
middle latitudes, though any significant differonco in air 
mass properties on either side of the system cannot be 
traced. Whon tho asymptote coincides with a wind speed 
maximum, only separate cumulus humilis form in the area. 

Sixth rule. Whoro at low altitudes the area of lightest 
wind lies aside of the convergence asymptote or being of 
an elongated shape crosses it making an angle near to the 
right one, the convergence is normally strong in the layer 
of 3-10 km. In the circumstances, a system of allostratus 
and nimbostratus forms to produce widespread rains. 


45 Ait Masses 


Two types of air mass form in the tropics, 
continental tropical air mass (cTA) and maritime tropical 
air mass (mA). Midlatitudinal air masses may penetrate 
in tho region, yet they arc rapidly transformed on their 
excursion. In’ winter of the respective hemisphere conti- 
nenlal mid-latitude air mass (¢MLA) injecting in the tro- 
pics can markedly lower {ts temperatur 

Continental tropical air forms over dry continental aroas 
and therefore differs in very high temperatures, low humi- 
dity, and substantial diurnal variations of all meteorologic 
quantities. The temperature of cTA rises to 40-42 °C in 
summer and to 31-33 °C in winter. The temperature lapse 
rate in the mass amounts to 0.60-0.65 °C/100 m. It. varios 
with time and height only insignificantly. The intense 
heating of the surface air by the underlying surface seem- 
ingly must have given riso to markedly higher lapse 
rales, yet it fails since eTA forms in the areas of high pres- 
sure systems activity where the air mass undergoes subsi- 
dence. The subsidence makes the warming of the surface 


air be followed by the air warming aloft so that the temper 
ure lapse rates become more vniform, i.c., more steep. 
In summer, the relative humidity of cTA at the surface 
is 16% to 18%, it incroases to 24% to 23% at 3 km altitude 
to decrease further upwards. In winter it amounts to 24- 
26% at tho ground, somewhat drops at 1-2 km altitude 
to increase higher up again to 35% at 4 km. The eTA is 
notorious for clear weather. 

Moving oceanward cA rapidly changes its properties, 
mainly increasing in humidity. ‘The layer of high humidity 
though seldom grows deeper than 2.5-3 km. 

The properties of maritime tropical air depend on the 
area where it has beon formed. In the sense, it may be sub- 
divided into equatorial air (EA) and trades air (TA). Equa- 
torial air mass forms over the equatorial trough, not infre- 
quently directly in the ITCZ, Characteristic of EA are 
high humidity traced up to high altitudes and high tempera~ 
ture lapse rates observed up to the tropopause. ‘The varia- 
bility of the temperature lapse rate in BA is superior to 
that in eTA. Weather conditions in EA vary according 
as the disturbance is present or absent. ‘The disturbanco 
area as a rule is substantially or totally cloudy and rainy. 
Away from disturbance, the cloudiness gonorally is below 
8 balls with frequently clear skies. 

‘The trades air is also charactoristie of large moisture 
content but the humidity is distributed with height nonuni- 
formly. ‘Two layers may be distinguished, the lower layer 
having a maximum of relative humidity at 4.5-2 km altitude 
and the upper layor with the highest humidity at 6-7 lan 
Geo also Sec. 2.1). An intermediate layer of relatively dry 
air is in between. The lower sea surface air layer has a rather 
high lapse rate of tomperature (0.9-1.0 °C/{00 m), Within 
the troposphere it undergoes a repeated alteration, some 
even give rise to inversion layers. 

‘PAis notorious in cloudy weather. ‘The prevailing clouds 
are cumulus humilis, cumulus mediocris, and cumulus con- 
stus. Cumulonimbi are also formed to produce short 
showors (sce Secs. 2.5 and 2.6) 

Drifting inward of a continent (this happens as a rule 
in summer)?mTA undergoes transformation of Its properties. 
Its temperature rises and tho humidity somewhat drops, 
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The temperature of mTA at the land level is around 30°C 
on the average, yet it decreases rapidly with height. Tho 
temperature lapse rate amounts to 0.8-0.9 °C/100 m. The 
humidity remains substantial (50-60%) up to high alti- 
tudes. With the intrusion of the mA a continent will 
experience rainy unstable weather. 

Midlatitude afr intrudes in the tropics in winter. On its 
way to the tropical region it undergoes a crucial change. 
Maritime midlatitudo air mass (mMA) arrivos in the tropics 
having almost the same temperature as mT'A (accurate to 
4 °C). The continental temperate air (CMA) changes slightly 
slower than mMA does. So at Khartoum (17°N) an inflow 
of cMA in January may decrease the air temperature down 
to 13-15 °C. It follows by increase in cloudiness though the 
amount of clouds remains small due to low humidity. 
So in the surface air the humidity is within 45% to 50% 
and docroases rapidly with height. At the 3 km level it is 
helow 17-20%. 

In general the air ma: in the tropics differ from each 
other only slightly. Most significantly differ the air masses 
of coastal areas. Yet even there no fronts can be found simi- 
lar to those encountered in the middle latitudes. To sum up, 
the tropical area exhibits no fronts because of the little 
difference in properties between the air masses. 


Review Questions 


1, What is the objective to plot time-height sections? 

2, What difficulties expect the analyst working on a trop 
ical surface chart? 

3. Which properties distinguish the constant-pressure- 
chart analysis in the tropics? 

4. Which methods of streamline field analysis do you 
know? 

5. Enumerate the special characteristies of wind fields 

§. What is a way to estimate the divergence from the 
streamline-isotach analysis? 

7. What order of magnitudy has divergence in the tropics? 

8. Describe a procedure to compute divergence and vorti- 
city for a givon aroa A, 


gn of the vertical wind speed component 
various 


9. How can the 
ho evaluated from the field of divergence a 
levels? 

10. If we know the initial values of divergence and vortici- 
ty, how could we determine the future values of D (8) 
and €(¢) for various areas of the tropical region? 

11, What is the disturbance, or squall, lines; how are they 
formed, and how can they be traced? 

12. Characterize tho air masses observed in the tropics. 


CIRCULATION AND SYNOPTIC 
SYSTEMS OF THE TROPICS 


Chapter 5 


5.4 The General Circulation 


‘The major function of the tropical circulation 
in the atmospheric “heat engine” consists in transporting 
to the other areas of the globe an excessive heat which is 
accumulating in low latitudes due to intense insolation. 
Tho fairly permanent, on the annual basis, temperature 
difference betwoon the equatorial regions and tho subtrop- 
ical belts is the main force driving the motion of air streams: 
in tho tropical circulation. This stable heat source also 
sets in motion the large-scale circulation systems that are 
characterized by either an outstanding steadiness (trade 
winds) or pronounced periodic regularity (monsoons). These 
systoms form the main stream of the tropical atmosphere. 
Within the large-scale cireulations one can discern the 
systems of smaller scale which are called the disturbances 
‘of the main stream or, simply, disturbances. The circulation 
of air in the disturbances being embedded into the main 
stream produce the general flow pattern of the tropical 
atmosphere. 

Solving some resoarch or applicational problems requires 
that disturbances be recognized in the main stream pattern. 
A major distinction between these synoptic situations lies 
above all in their temporal and spatial scales. The main 
stream is considered to be the part of general motion that 
is characteristic of large area and that changes in time more 
slowly 2s compared with the motion of smaller objects 
‘The disturbances are considered to consist of small-scale 
circulations set in motion and rapidly changing in shape 
and intensity. 

‘The weather charts often give few clues to diseorn the 
disturbances and main stream, This casts a subjective shadow 
on main stream and disturbances evaluation. In some situa 
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tions the disturbances are easily traced, say typhoons, 
whereas in the others, when disturbances are not so evident, 
the distinclion is hard to effect without recourse to some 
quantitative criterion. As such, analysts most often uso 
the intensity of disturbance. A respective measure of the 
intensity, believed to supply a high dogree of objectiveness, 
may be the value of relative vorticity. Observations indi- 
cated that in the majority of cases the vorticity of disturb- 
ances as extracted from synoptic charts is about an order 
of magnitude strongor than that of the main stream, 

The synoptic scale disturbances of tho tropics are most 
often of small amplitude. Thus, averaging the motions of 
small amplitude disturbances yields some avorago flow 
which may be regarded as a main stream. At times, however, 
the disturbances may be so significant as to romain dis- 
cernible even in the averaged field of motion, If we allow 
for such disturbances, the main stream may be treated as 
to consist of two parts: quasiharotropic easterly flow in 
the low troposphere, centered almost over the equatorial 
trough line, and the baroclinic flow aloft with the baroclin- 
ity being augmented with height and separation poleward. 
Tn the easterly flow, the velocity reduces with height. 
Further to the subtropical belt in the upper troposphere 
they reverse to become westerlies. 

There exists no exact boundary between the barotropic 
and baroclinic streams. Commonly, they transfer one into 
the other as far as 10-15° latitude from the equatorial trough 
litie in the lower troposphere, and at 6-12 km altitude when 
above the trongh (Fig. 5.1). 

The easterly stream has the lowest speed at low levels 
near the equatorial trough. Farther poleward it increases 
and reaches ils maximum valuos in tho trades over tho 
oceans. 

In the upper troposphere the westerlies slacken poleward. 
‘They become weak easterlies or westerlies in the summer 
hemisphere or strong westerlies in the winter hemisphere 
over the surface subtropical anticyclone. 

There exists a certain tendency for the flow to become 
meridional when moving toward the equatorial trough in 
the lower troposphere and when moving poleward in the 
upper troposphere Tf this motion is added by the air descent 


quasivarotropic 
easterly stream 


at the latitudes of the subtropical high and the air ascent 
over the equatorial trough, then a large-scele circulation 
cell ig produced, called the Hadley circulation or Hadley cell 
due to George Hadley who suggesied its existence still in 
1735 (Rig. 5.2). 

The Hadley cell is a simplified model of civeulation in 
the tropics. According to this model, an excess of heat 
near the oquator is transformed into kinetic energy. A sub- 


stantial amount of heal is expended on evaporation and | 


transported with air masses as latent heat to be realized © 
later by condensation. Whon the heated masses of 
uplift, the water vapour they carry condenses, shaping — 


into clouds and producing rain. Convection in the unstably || 


stratified atmosphere also favours the transfer of energy 
into upper layers (see Chap. 3). The atmospheric currents 
existing aloft export these air masses Lo higher latitudes, 
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At 20-30° latitude the air descends in the system of the 
high pressure belt anticyclono. Powerful air currents flowing 
in the lower layers equatorward close the circulation, 
making it a complete cell, 

‘This model, however, is not devoid of shortcomings. 

1. It does not allow for either seasonal variation, or 
difforont conditions for the circulation at various longitudes, 
Observational evidence indicates that a circulation similar 
to the Hadley cell exists throughout the year over the 
Pacific and Atlantic oceans only. Elsewhere it is severely 
deformed. It is only in March through April and September 
through October, that is on the times close to the equinox, 
that the circulation at all longitudes assumes the symmetry 
of the Hadley cell. 

2. ‘The model suggests that tho solely heat source is 
placed near the equator. In reality, a number of separate 
areas having a surplus heat budget are usually observed 
both over continents and over oceans. As the result, the 
circulation deviates from the model both as concerned 
intensity and as concerned longitudinal location of the cell 
itself. 

3. The model ignoresair motions in the middle troposphere. 
Meanwhile, a plentiful statistics is available testifying 
the intrusions of huge moridional troughs of the middle 
troposphere deep into the low latitudes. Air currents in the 
foremost parts of the troughs transport immense amounts of 
heat poleward. 

4. Air mass exchange betwoen the hemispheres is not 
taken into account, At present an ample evidence is col 
lected on the heat transfer from one hemisphere into the 
other by air flows. 

Though far from ideal, the Hadloy circulation model 
describos in genoral the air motions pattern in the tropics 
and defines the main components of the tropical circula- 
tion, the equatorial trough, trades and antitrades. 


5.2. The Equatorial Trough 


The equatorial trough is meant to embrace the 
nearequatorial low pressure belt with the intrinsic conver- 
gence and uplift of air masses, The fact that air currents 


110 Ch. 5 Circulation and Synoptic Systems of the Tropes 


(irades) converge ab tho equatorial trough has suggested 
anamo for the area, the intertropical convergence zone (ITCZ). 

‘The equatorial trough is the object of major importance 
in tho tropics. It has been the focus of study by many 
resoarchers: Fal’kovich, Flohn, Khromov, Petrocyants, 
Riehl, and many others. Various authors named it in a va- 
riety of ways: the trade confluence, equatorial convergence 
yond, and monsoon trough. Not infrequently it was called 
the intertropical front. ‘he last name came from the ‘Norwe- 
gian school’ of meteorologists who introduced the concepts 
Sf air masses and fronts. The adherents of the school believed 
the south and north trades also formed a front, The concopt 
of the intertropical ront was introduced by analogy with 
tho fronts of middle latitudes without a sufficient observa- 
tional background. A nartow region of bad weather is 
cortainly prosent along the zone where the south and north 
trades meet. Yet the notion of front in the sense of the 
Norwegian school could hardly be applied to it, because 
the air masses on either side of it are essentially alike in 
properties (the ouly exclusion may bo narrow strips between 
land and sea, which will he discussed below). 

The active aroas in what was called the intertropical 
front do undoubtedly experience considerable convergence, 
honce the term ‘intertropical convergence zone’ appears 

be moro suitable. 

MM uone of trades conlinence need not be followed by 
a significant convergence oven though low pressure is indic- 
ative for it everywhere. In view of the aforementioned, 
we should apply the term ‘equatorial trough’ to all the 
noarequatorial low pressure belt, and the term ‘intertropi- 
cal convergence zone’ only to its areas of activity. — 

‘The seasonal position of the sun governs the location of 
atmospheric activity centers. So the subtropical anticyclones 
shift toward higher latitudes in summer and toward 
lower latitudes in winter. The equatorial trough changes 
its latitudinal position accordingly, the trough line tends 
to displace Loward the summer hemisphere and over land 
It migrates 10-20? latitude from the equator as if it follows 
the sun, Thus the equatorial trough undergoes annual lati- 
tudinal variation which is different for various longitudes. 

In the Atlantic and in the eastern Pacific the equatorial 
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trough always situates at the equator or a little to the 
north. The annual meandering of the trough line is in 
4 narrow belt in this region, Its largest. displacement. the 
trough experiences over the continent of Africa and the 
wost part of the Indian Ocean. For example, it shiits along 
the 40°E meridian from 10°S in January to 22°N in July. 
Ovorsthe West Africa, tho trough situates south of the 
Bay ‘of Guinea in January and over the Sahara in July. 
The active areas of tho trough are notably cloudy and 
‘ainy. Wind turns crossing the ITCZ while both tempera- 
ture and humidity undergo a marked chango in their values. 
Where the trough lies nearly along the borderline between 
ocean and continent these differences may be thought of as 
that between two air masses. In West Africa, for instance, 
air coming from the Bay of Guinea essentially differs in 
properties from air inflowing from the Sahara, A similar 
pattern is observed over India where air of the southeast 
monsoon markedly deviates in properties from continental 
air. On the other side, no difference in air mass properties 
is observed where the trough meanders far from such soa- 
land borderline anywhere over the oceans or moist tropical 
forests, 

Tho trough embraces all the globe. At some portions of 
its meandering convergence is substantial, ab others it is 
weak, Accordingly, the break in wind direction between 
the trades also undorgoes longitudinal variation. AL some 
locations the break in wind direction may serve a clear-cut 
indicative of the trough location, at other longitudes it 
can be tracod only by satellite photographs. 

Active centers shift along the trough. Velocities of tho 
displacements are far from constant, the lines of the travel 
are complicated. Therefore, extrapolation is not recommend- 
ed as a moans of prediction of their routes. 

‘The field of divergence along with the field of vertical 
movement over tho ITCZ is notably unsymmetrical about 
the equatorial rough line. As unsymmetrical is the place- 
mont of cloudiness and rainfall. 

Assuming an uncompressible atmosphere Jet us deduce 
the vertical component of wind making uso of the continuity 
equations (4.4.3) and (4.4.4). After Flohn we assume that 
lo a first approximation divergence may be suflciently 
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(a) 


Fig. Plotting of a vertical section across the ['TGZ in Uke AUantic: 
{a) distribution of doldy ~ div V in 10-5; and. (8) ‘vertical wind 
component, wv, in mms (after Flohn) 


defined through variation of meridional component of wind, 
v, along the y-coordinate pointing northward. 
An example of computations of du/dy and the res 


divergence everywhere from 1.3 to 1.8 km altitude. South 
of the ITCZ convergence is moro pronounced and élovates 
up to 3-5 km. Vertical movoments, as a consequence, have 
similar asymmotry (Fig. 5.3b). Updrafts are strongest at 
4-5 km height, 500-600 km south of the surface location 
of the ITCZ. Taken together, these facts may he interpreted 
as the presence of a gradual ascent of the ITCZ southward 
(seo also Fig. 5.5). 

From the comparison of the divergence and vortical 
movement fields south and north of the I'TCZ wo may con- 
clude that ascending motions north of the ITGZ in the NE | 
trades overturn the trade inversion only slightly. On the | | 
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ig. 5.4 Rainfall within an C2 belt (after Fichn) 
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decreases the stabi 
south of the ITCZ. 

Similar results have been obtained by Rex for the 
Pacific Ocean (Marshall Islands). According to the observ: 
tions, the I'T'CZ situated at 7°N throughout the whole obser- 
vational period (April-June, 1956) and the strongest updraft 
(35 mm s~!) took place at 4 

The mean vertical profiles of temperature and humidity 
and the vertical movement distribution represented at 
Fig. 5.36 may bo used to calculate a resultant rainfall in 
the arca. ‘The computed figures are 20-100 mm per month 
for the northern and 200-300 mm for the southern side of 
the ITGZ (Fig. 5.4). 

In West Africa, cloudiness and rainfall also place unsym- 
metrically with respect to the surlaco position of the ITCZ. 
‘The weather is dry and clear north of the trough, and only 
an insignificant amount of cumulus humilis may be met 
moving about 200 km to the south of it. However, at a dis- 
tance of 300-600 km south of the 1TCZa well developed con~ 
yection is observed which brings about heavy showers and 
thunderstorms. Further south the amount and thickness 
‘of cloud cover ebates and only separate short showers occur 
(Fig. 5.5). 

Tho asymmetrical distribution of cloudiness and rainfall 
with respect to the ITCZ is noted where the surface position 
of the ITCZ traces several degrees latitude north of the 
geographical equator. ‘The fact of the asymmetry has nob 
heen universally accopted. Most researchers of the tropical 
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atmosphere believe that more substantial convergence to the 
south of the I''CZ may be explained by the variation of the 
Coriolis force with latitude, the so-called f-ellect, which 
in this case is essentially as follows. When the I'TCZ situates 
south of the geographical equator, the south trades abruptly 
change the direction upon crossing the equator since at the 
oquator the Coriolis force changes sign. ‘Thus, south of the 
main position of the ITCZ forms the secondary convergence 
zone (Fig. 5.6). 

An additional factor acting toward tho asymmetry is the 
placement north of the ITCZ of more stably stratified air 
in the trades over the oceans and drier air over arid land 
areas. 

‘The asymmetry is not a sole feature of cloudiness and 
rain distribution in the ITCZ. When the [TCZ places near 
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. 5.7 Meridional cross-section through the T1TCZ situated at the 
geographic equator (after Fletcher) 


the equator it divides into three zones, two outer and one 
inner. Tho outer zones experience strong convergence pro- 
ducing thick cloud cover and substantial rain. The inner 
zone, called at times a center zono, has only weak conver 
gence occurring in separate “islands”, which results some- 
times’ in westerly winds. Considerable instability of air 
even with weak convergence brings about clouds and slight 
precipitation (Fig. 5.7). . : 

i.sElowever, most of all the contral zone experiences light 
Variable winds, hence the navigator’s name for the area— 
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the doldrums. When the central zone is predominantly 
swept by easterly winds downdraft movements may form 
over the ITCZ making it more diffuse and improving the 
weather. 


5.3. The Trade Winds 


‘Tho strong steady winds blowing in the lowor 
troposphere between the subtropical high pressure bells 
and the equatorial trough have come to be known as the trade 
winds, or trades. Broadly speaking, they blow from ENE 
in the Northern Lemisphere and from ESE in the Southern 
Homisphere. ‘The trades occupy the bulk of the tropics, 
in two belts from 20° longitude in the winter and 30° longi- 
tude in the summer hemisphere to the equatorial trough. 
More than a third of the earth's surfaco comes under the 
influence of the trades any time of the year. 

‘The trades are best developed over the eastern parts of 
the oceans: winds of other directions are often observed 
over the continents and western portions of the ocoans. 

‘Three clear-cut layers can he distinguished in the trades. 

1. The layer of the lower trades, whose elevation near 
tho subtropical highs is 500 m. It elevates oven more equa 
lorward, being up to 2500 mat the equatorial trough margin 
(sce also Sec. 2.8). The air masses of the lower trades are 
commonly moist, their temperature follows that of oceanic 
surface, $0 tbat in general it increases equatorward. 

2. The trade inversion layer which overlays the lower 
trades. Further into low latitudes the trade inversion gains 
in thickness (from several hundred meters to one kilometer) 
and in height (from several hundred meters to two kilo- 
meters) (Fig. 5.8.), while temperature difference between 
its top and bottom diminishes. The strongest inversions 
are observed over the eastern portions of the oceans in 
winter. At times several layers of inversion can be observed 
(see See. 2-4). 

3, The layer of upper trades capping the inversion. ‘The 
upper trades are easterlies, more weak than the lower trades. 
‘They blow at 6 km altitude in the average in the subtropical 
high pressure belt and about al 10 km height at the edge of 
the equatorial trough. Air in the upper trades is on the 


whole more stable and dry than air in the lower trades 

Discuss in short the sources that give birth to the trades. 
As wo have already noted, the main driving fore of air 
transports in the tropics is the stable temperature gradient 
that oxists between the hot equatorial belt and the colder 
regions of subltropics. At the surfaco this temperature gra- 
diont results in high pressure in the subtropics and low 
pressure at the oquator. It is this gradient that produces 
easterly winds having a small oquatorward component, 
that is, the trades. This viewpoint is supported by the 
following facts. 

(a) More significant wind speeds at the surface as_com- 
pared with that of winds aloft. — 

(b) Steadinoss of the low trades. - 

(c) Change of speed and direction by the trades with 
variation in intensity by subtropical anticyclon 

The trade inversion is explained by subsidence heating 
of air as it sinks in the area of subtropical anticyclones, 
which is followed by cooling of its lower layers by the cold 


{18 Ch. 5 Cuculation and Synoptic Sysiems of the Tropics 


5.5 Lower-latitude Disturbances 149 


water surface or cold land surface in winter. It is the reason 
why inversions are better developed over the eastern por- 
tions of the oceans where cold streams predominate. 


5.4 Antitrades 


‘The classical theory of the Hadley circulation 
coll used the term ‘antitrades’ to denote tho out/low of air 
Jrom low latitudes in the wpper troposphere, On the equator 
side of the cell these flows situate at 8-12 km height. Away 
from the equator, they gradually descend to be 4-6 lm 
high at 25-30° latitude. ‘The Coriolis force here is more 
strong, so that it makos thom dollect to become net westerly 
and. geostrophic. 

Tho namo ‘antitrados’ appears misleading for it implies 
that the winds should be similar in their character to the 
trades. However the available acrological data indicate 
that the continuous and regular antitrades arm nonexistent. 
Moreover, constant pressure charts supply evidence of 
frequent nonexistence of the geopotential gradiont that 
could efiect in antitrades at 200 and 300 mb between the 
equator and about 20° latitudes. Numerous obsorvatious 
bring no support to the idea that poloward or eastward 
movements should exist at these levols in the belts of 0- 
20° latitude, At any case, winds of other direction are moro 
frequont there. 

The air motions at upper Jevels are subject to strong 
seasonal variations, The air slreams at various longitudes 
are known to be markedly different, too. The air stroams 
correspond to the old model of continuous and regular 
antitrades best of all over the wostern portions of the oceans, 
especially in the Southern Hemisphere in the cold half 
of the year. No regularily at all has been observed over 
the continents. 

A real pattern of the air streams most frequently traceable 
in tho upper troposphere can be visualized as follows. ‘The 
subtropical jet with strong westerly winds at the 200 mb 
level is found at 25-30° latitude of the Southora Hemisphere 
all throughout. the year. ‘The coresponding jet stream in 
tho Northern Homisphere is observed at 30-35° latitude 
in winter only. Tn summer it gives way to the strong tropi- 


cal easterly jet over Africa and Asia at around 40° latitude. 
Che tropical jet of the Southern Hemisphere at 200 mb 
meanders also in summer (January) between 10° and 20 
latitude over Africa, South Amorica and Australia. From 
all said it is evident that the real air streams of the upper 
\oposphere are very dissimilar to the antitrades in most 
2 the tropics. F 

4 at tatote the winds, which are naturally alike to the 
antitrades, avo still observed, they keep their meridional 
component intact only to latitudes 46-20% In higher lati- 
tudes no sign of air shifting to the poles is found in the 
upper troposphere. 


5.5 Low-latitude Disturbances 


‘Tho circulation systems as found on the tropi- 
cal weather charts aro notably weaker than their counter- 
parts in middle and higher latitudes (the only exclusion 
aro tropical cyclones). To effect weather prognoses from 
synoptic data tho forecaster should rapidly and veliably 
discern theso systoms and track their movement and deyel- 
opment. P 

In many tropical regions tho seasonal and diurnal weather 
variations are very clear-cut in the respective timo frames, 
i.e. recur in rogular eyelos, so that it would be a correct 
practice to compile forecasting reports basing on these 
rogular changes. ‘These cycles are not ideal though and at 
timos substantial deviations are observed which could 
hardly be explainod by somo local effects. These departures 
expand over largo areas and last considerably long. Their 
reign smoothes all the seasonal and diurnal oscillations. 
A causo for these deviations of the normal march of weather 
lies in appearance of tropical disturbances we haye men- 
tioned above. a 

The disturbances of a main stream cause circulation 
systems of synoptic scale. They have various shape, intens- 
ity, and length of life cycle, We shall call these disturb- 
ances the synoptic objects of the low latitudos and in the 
following discuss their classification. 

‘The synoptic objects of the low latitudes may be classed 
according to various parameters, viz. geographical loca- 
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tion, shape, intensity, ote. Another approach is to divide 
them according to a group of the intrinsic features. On this 
way all the synoptic objects may bo joined into two large 
groups: (1) those which are met in most regions, though 
somewhat differ from cach other in intensity, shape, and 
some other features of lesser importance; an example may 
be tropical cyclones; (2) those which are observed In one 
or two regions, and, if in many, then markedly differ in the 
characteristics from each other; an example may be supplied 
by tho disturbance lines. Tho last group also includes the 
objects that cannot always be discerned on charts, say 
cloud clustors. 

Tn oporational forecasting, synoptic objects can be better 

discerned from each other according as they are represented 
on7woather charts, i.c. by their geometry. 
Part of the synoptic objects is well discernible on weather 
charts or, at least under certain circumstances, Uhese objects 
can'be evaluated and followod in the further development. 
They may conveniently bo divided in three large groups 
aceording to their geometry: 

(4) vortices; 

(2) wave disturbances; 

(3) linear systems. 

Ty should be kept in mind that the disturbances origi 
nated under tho influence of the same physical processes 
nay acqrire various geometric forms, and conversely the 
disturbances originated by the different processes can 
ovolve into similar geometry 

1. Vortices (closed circulations). 

Cyclones. ‘Tropical cyclones can be easily discerned on 
weather charts, yet it does not mean that their nature is 
oxplicitly known. In tho following we shall employ the 
torm ‘tropical cyclone’ in the goneral sense to denote any 
cyclonic vortex in the tropical troposphere. ‘The tropical 
cyclones have already boon studied for a long time. ‘The 
word ‘cyclone’ was introduced in meteorology in study 
of tropical storms. First attempts to class the tropical 
cyclones use their intensity as a classification parameter 
with maximal wind speed as a measure of the intensity. 
In the classification that will be discussed hore we shall 
employ not only the intonsity of cyclones but also the 


dilferonces in their structuro and in the physical processes 
that take place within the active area of the cyclones. From 
this viewpoint the cyclones may be divided into two classes. 
‘The first class is to include the cyclones whose intensity is 
largest ab the earth's surfaco but diminishes with height 
(low-level cyclones); the second class is to include those 
cyclonos of low intensity in low levels but intensifying 
aloft (high. level, “distal” cyclones). ‘The first have warm 
toro, the second have it cold, Each class represents broad 
spectra of size and intonsity. 

Low-lovel cyclones vary in intensity very widely, from 
small eddies to severe hurricanes and typhoons. ‘Their 
origin is at present bolieved to be related to tho intensifying 
of synoptic disturbances in the equatorial trough. They 
might, however, form by transformation of cold-core cy- 
clones. Latent heat of condensation evolved in convection 
is a major source of formation and support of warm-core ¢y- 
clones over their life cyclo. ‘The cyclones travel predominantly 
westward with a slight shift poleward (see Chap. 6). 

The high-level cyclones also vary in intensity. Some of 
thom may originate in the middle latitudes and then drift 
to the tropies yet there are such that occur in the low lati- 
tnde troposphere, that is, are essentially of tropical origin. At 
this stage they cannot be traced as vortices lower than 6-8 km. 
Beneath only a weak wavelike disturbance can be found. 

“Tho distal cyclones are related to vast fields of upper 
and mid-cloudiness. Characteristic of them is the convection 
that is slightly more intense than normal. Their intensify- 
ing may give rise to a vortex (closed circulation) at the 
surface (the intensifying is accompanied by a substantial 
neroase in convection), At the final stage of the develop- 
nent the high level cyclone warms in tho core, again perhaps 
due to convection, to become a warn-core cyclone, that 
is ranging to a first class, 

[Tigh-level eyelones normally move slowly and erratically. 
Not infrequently thoy remain quasi-stationary for several 
ays. In the summer hemisphere they travel often westward 
and seldom eastward, a roverse directional pattern is ob- 
Served in tho winter hemisphere. The meridional compo- 
hent of their movement move often points poleward and 
seldom equatorward. 
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At times the vortices are found that exhibit the features 
charactoristic of both first and second class. The vortices 
move in the mid-troposphere and are governed by the 
distributions in tho basic current. If, for example, easterlies 
dominate in the low levels and westerlies aloft, then in the 
layer where the streams change sign (in the mid-troposphere) 
they result in a closed vortox. 

Tt is noteworthy that the vertical profile of the disturb- 
ance can be evaluated only by way of computation. 

Motion and evolution of a tropical cyclone can be followed. 
when it is in the surveillance area of either a network of 
stations or satellites. Au approaching cyclone can be decided 
by the cloudiness, wind, and pressure tendencies. ‘The 
problem of cyclone movement. forecasting is, however, far 
from its solution because the trajectories are very sophisti- 
cated in their nature. 

Anticyclones. The anticyclonic disturbances have low 
intensity in the tropics. Relative vorticity in the anticy- 
clones is seldom above the Coriolis parameter in valuo, Similar 
to the cyclones, tho tropical anticyclones can be divided 
in two classes so that the anticyclones of highest intensity 
at the surfaco and yanishing aloft belong to the first 
class (low-level anticyclones), and those of highest intensity 
aloft to the second (high-level anticyclones). 

The high-level anticyclones most often appear in the 
summer hemisphere and are seldom found below 5-7 km 
altitude. They acquire the warm core in the result of two 
processes, air subsidence in the central part (adiabatic 
heating) and convection (heating due to the evolving latent 
heat of condensation). Accordingly, the high-level anti- 
cyclones may be further subdivided into dynamic and 
thermal. 

Each subclass of the anticyclones may be characterized 
by its ropresentative weather. With the dynamic anticy- 
clones, the mid and high cloud decksare entirely absont. The 
only clouds in view are few cumuli which owe their occur: 
rence to suppressed convection accompanying such antic: 
clones. ‘The thermal anticyclones are accompanied by strong 
convection and tho related clouds build up of mid and 
upper decks, appearing as the result of transformation of 
cumuloformi, 


Low-level anticyclones are in evidence mainly in the 
nmer of the Northern Hemisphere in the regions where 
tho equatorial trough departs off the equator more than 10° 
latitude. They are sometimes found in the western Pacific 
north of tho equator and in the tropical North Atlantic 
and over West Africa. 

Low-level anticyclones cannot be traced already at the 
500-mb chart. They progress predominantly westward. The 
intrinsic convection may be classed as more than moderate. 

2, Wavelike disturbances. ‘Two types of wavelike disturb- 
ances in the tropies have received a most profound examina- 
tion—waves in the easterlies of the Caribbean and oquato. 
rial waves over the Pacific Ocean. There is reason to believe 
that those are not different phonomena, rather, the mani- 
festations of one and the same process of wavelike disturb- 
ances in the easterlies. Simply, they are observed at 
various latitudes in the basic stream that has essentially 
different characteristics there. 

Easterly waves. Thoso wavelike disturbances occur at the 
oquatorial side of the subtropical belt of high pressure; 
they are weak at the surface but better dovoloped aloft. 
Tt was not until an ample aerological information had been 
collected that the waves became evident. They are a pheno- 
menon common. of the middle troposphere although they 
olfer a cortain impact on the weather in the region where 
they emerge. They are associated with certain cloudiness, 
and procipitation, and certain changes in pressure and, 
in some degree, wind at the earth's surface, ‘The wave proper 
is the disturbance of wind field (Fig. 5.9). Not infrequently 
these waves give birth to tropical cyclones. 

First studies of easterly waves wore conducted with data 
from the network of stations established in the Caribbean 
during the Second World War. These stations were mainly 
reporting wind observations in tho area. Still prior these 
ations to appear in the Caribbean, there had heen found 
\ fairly definite drift of the isallobaric centers at the surface 
along the lines gradually sloping from east to west. Obser- 
vations aloft indicated that the isallobaric conters at the 
surface move in phase with westward progressing: wavelike 
oscillations in the basic eastern current. Time sections 
made evident that when a wave travels across a location it 
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5.9 Model of waves in the easterlies: wind and weather in vertical 
seclion } 


experiences two ridges and one trough. The average rate of — 
propagation for the easterly waves is 20-25 km/hr, their | 
mean wave length is aboul 15° longitude. 

In the majorily of situations, ahead of a wave divergence 
is present in the lower layers and convergence aloft so that 
air sinks and tho associated convection is of ‘suppressed’ 
variety. To the rear of a wave, convergence is observed in 
lower layers and divergence aloft, the conditions that 
favour penetrating convection with associated heavy showers 
and thunderstorms. Similar weather pattern is evident 
when the high-level wind field is nondivergent. It is only 
in rare oceasions that a converse distribution of divergence 
is observed, low-level conyergence in the front and 
low-level divergence to the rear of a wave. 

‘The distribution of divergence in these waves can be ex- 
plained as follows. Assume thal a wave is in a steady state 
and travels at some constant speed C. We will discuss 


| 
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Fig. 5.10 Streamline model of a wave in the easterlies at 850 mb 


a system of the 850-mb streamlines of the westerly wave 
with reference to a model of Fig. 5.10. Assume that the 
wave is sinusoidal. ‘The meridional displacoment of air 
particles on tho right (eastern) part of the wave is directed 
northward, that is toward the greater values of the Coriolis 
parameter. 

‘According to observations, air particles in the lower layers 
often move faster than the wave. With height their veloc- 
ity, V, becomes slower to equal that of the wave (V = C) 
at around 6 km altitude and becomes even slower than the 
wave motion (V <C) on furthor ascont. ‘This is what we 
shall call the normal distribution of wind, or basic current 
(curve V; in Fig. 5.11). In some circumstances a reverse 
distribution of basic current with height may be found 
(curve V, in Fig. 5.11). Assume that air moves faster than 
the wave. Then, catching up with the trough line, air 
inflows into an area of inereasing cyclonic curvature (seo 
Fig. 5.10) (near to the trough line the curvature is more 
substantial than where the air is flowing from). Recalling 
the expression for relative vorticity in the natural coordi- 
nates (R = radius of curvature) 
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andPallowing for the smallness of @V/dn (see Fig. 5.10) 
we may safely{say that the relative vorticity is mainly 
determined by the streamline curvature. Hence, in a basic 
current overtaking the trough, relative vorticity must in- 
crease downstream. 

For the sake of the consideration we employ an absolute 
vorticity equation 


=D (5.5.2) 


where 1 == (6-+ f) is the absolute vorticity, positive in 
the Northern Homisphoro, and D is the divergence. 

With reference to Fig. 5.10, when 7 > 0 then the equation 
(5.5.2) predicts D <0, that is a convergence occurs upstream 
of the trough. A similar argument is capable of convincing 
that a divergence occurs to the left, ie. downstream of the 
trough. 

Consider now the situation that the velocity of the basic 
current is slower than that of the wave. Both ridges and 
trough overtake, as it were, the air west of them. In the 
process, an air column ahead of the trough approaches it 
and displaces obtaining a southern component (Fig. 5.12) 


Fig, 5.12 Schematic motion of air mass in an easterly wave for C> V 
(a) ahead and (b) to the rear of a trough 


while a column in the upstream falls further back off the 
trough line and shifts acquiring a northern component. 
in approaching the trough line the air column gains its 
relative vorticity, but as it displaces southward where the 
Coriolis parameter is lower, the quentities f and & may 


balance each other. Then 7 2 0, The air column in the 
rear of the trough moves northward where f for it increases 
but © decreases. Hence, there the quantities f and ¢ may 
mutually compensate their changes as well. ‘The absolute 
vorticity thus remains unchanged. ‘Ihe waves in the cir- 
cumstances become nondivergent. 

it may, however, happen so that the quantities f and § 
can no longer change in balance. If ¢ changes faster than f, 
then with the vertical wind profile obeying « normal pattern 
the air ahead of wave will converge aloft and in tho rear 
diverge. 

Waves in the equatorial easterlies. In the years of atomic 
bomb tests the United States provided detailed observations 
of the upper air over a limited area around the Marshall 
Islands for periods ranging from weeks to months. These 
data have enabled Palmer to make intensive analyses of 
weather in the central equatorial Pacific and reveal waves 
similar to those in the easterlies. As they pose near the 
equator they were labelled equatorial waves, Although 
comparable in their properties to the easterly waves in the 
Caribbean, the equatorial waves have some individual 
features. 

Tn accordance with the properties of the basic current 
wo shall distinguish between the two types of equatorial 
wave: (1) wave motion in a nondivergent easterly current, 
and (2) wave motion in a convergent easterly current. 
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Fig. 5.13 Divergence and convergence at an equatorial wave 


Waves of the first type appear in an easterly current 
moving at, a speed of not higher than 2.5 m s~* at the equator 
and linearly accelerating both northward and southward so 
that at around 45° latitude it may propagate at 10 m s~t. 
Tu an initially undisturbed current the streamlines and 
isotachs are parallel. Wave motions in such a current prop- 
agate slower than the air of the stream, tho phases of the 
trajectories and streamlines coinciding. In the foregoing 
discussion we shall conveniently call ‘forepart’ the part 
‘of the waves where air moves having some southward com- 
ponent and ‘rear’ the part with some northward component 
(by analogy to easterly waves). Accordingly, the foremost 
portion of the waves in the Northern Hemisphere will 
diverge and in the Southern Hemisphere converge; in the 
rear part of the waves air will converge in the Northern 
and diverge in the Southern Hemisphere (Fig. 5.13). 

Waves of the second type occur in the easterly current 
whose speed at the equator is also not above 2.5 m 8“, 
yet it increases poleward not necessarily in a linear fashion. 
Besides, the streamlines ran not parallel to each other and 
come closer together equatorward; isotachs are not parallel 
as well. A common pattorn for the current is with a train 
of waves having small amplitudes, the wave of largest 
amplitude and shortest wave length placing farthest west. 
Eastward the amplitude in the train gradually decreases 
and wave length increases. ‘The divergence field has a more 
complicated nature. The centers of divergence and conver- 
gonce in the easternmost wave situate far from the equator 
(at 10-15° Jatitute) in both hemispheres. Farther west the 
centers come closer, so that the convergence increases and 
the divergence decreases in intensity. The waves travel 
at about the same speed as the easterly waves in the Carib- 


bean, the amplitude of the former being markedly lower, 
in the average. 

Tho disturbance in wind field connected with the equato- 
rial waves is normally rather small so that it cannot be 
evaluated on synoptic charts. 

Still another condition related to the equatorial waves 
is noteworthy, namely, since these waves coincide with 
the equator their erests and troughs can be on cither side 
of it, consequently either ridges or troughs may represent 
a common circulation, say cyclonic one. 

Induced waves. Wavelike disturbances in the easterly 
currents moving in the mid-troposphere may be induced by 
disturbances of the higher troposphere. One example of 
such influence we have already discussed when mentioning 
that a high-level cyclone does not often sink to the ground, 
in contrast to a vorlex, yet its presence is marked by a cyclon- 
ie wave in the low-level casterly current. This type of 
waves is mostly characteristic of the summer hemisphere. 
Similar phenomena are often noted in the winter hemisphere, 
too, bul here they are found below the troughs in the 
upper troposphore westerlies which overlie the low-level 
easterly current. This typo of waves has been suggested 
to be labelled the ‘polar trough’. 

The induced waves in the easterlies are not unlikely to 
the easterly waves in their size and introduced weather. 
However they differ most substantially in that how erratic- 
ally they travel, a contrast to the net westward advance of 
the easterly waves. Induced waves travel in accordance 
with the displacement of the upper-level cyclone or trough 
in the westerly current, which may slightly shift eastward, 
stagnate, or shift a little to the west. Surface data give 
no evidence to the movement of these waves. 

The waves of anticyclonic type induced by the upper- 
level anticyclone are observed much more seldom. 

Tropical waves. These waves are the wavelike disturb- 
ances that occur in the high-level currents over West Africa. 
‘They give riso to unstable weather with precipitation due 
to unstable stratification and convergence. The unstable 
stratification and convergence are believed to be induced 
by a trough in the upper stream which forms in a wave 
developing in a cold front of extratropical latitudes. ‘These 
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disturbances even when close to Uhe equator progress from | 
wost to cast. In thoit dimonsions they are comparable | 


to small troughs or cyclones of the middle latitudes; their 
travel is slow. A substantial part of the equatorial West 
Africa comes commonly under their influence for as long 
as 3 days. 

8. Linear systems. Undor this category come a variety 
of synoptic systems whose vorticity or divergence, or both, 
has’a tendency to concentrate along a line, or zone, whose 
length by far exceeds its width. Most often in these zones 


cyclonic vorticity is accompanied by convergence, and ° 


anticyclonic vorticity by divergence. 

Lines of disturbance. These lines are often connected to 
squalls and other instability phenomena which travel from 
east to west over West Africa, Upper air data give practi- 
cally no evidence to the disturbances either in wind or 
pressure field, On surface charts they resemble mid-latitude 
instability lines. To elfect preventive or avoidance means 
in a case of dangerous weather the Lines are required to be 
evaluated as early as practicable. So far, however, da 
on those systems, their evolution and travel are very spa 
Hence it is a hard task to prognose the intensity, time and 
location of the related squalls and thunderstorms. On the 
disadvantage side also is an absent rating on these systems 
according to life cycle, direction of travel and intensity. 

Inirusion of cold fronts to ihe tropics. Cold fronts of higher 
Jatitudes penetrate at times the subtropical high pressure. 
More frequently it happens where one of the high pressure 
outskirts is developed stronger than the trailing anticyclone 
situated farther east. At the equatorial side of the high 
pressure belt cold fronts can be taken into eastern circula- 
tion and romain thore for a long timo. 

A frontal zone of the type gives birth to the trains of more 
or less continuous clouds having as a rule a shallow depth, 
There can occur shower rains and even widespread rains, 
but in narrow lines. Wind slightly changes its direction 
here, and pressure undergoes a troughlike variation, though 
in time this behaviour is often masked by an overlapping 
diurnal pressure wave. 

‘These systems cause short periods of bad weather in coastal 
area (exposed to wind). They cannot intrude far inland, at 


least they fail to be traced over the continent because they 
are ab once outweighed by the strong overlapping effect of 
convection and orography. 

‘Atmospheric soundings performed to study the thermal 
alrueture of the systems indicated that there is no marked 
temperature and humidity contrast. In contrast to the 
casterly waves for example, they are observed in the lower 
troposphere so that the upper part of a front is commonly 
cut off by the westerlies prior than the whole system pen= 
ctratesin low latitudes. In the tropics these cutoff portions, 
i.e. upper troughs, become obvious only at the boundary 
With the subtropics, particularly in northern India, South 
China and, to a lessor extent, in the Caribbean and North 
Africa, Sometimes they also can favour the formation of 
troughs in the equatorial streams, but this matter was 
already d a. ‘ 

Polar air subsides on penetrating the subtropical high 
and getting low oblains a sensible heat from the underlying 
surface so that the fronts it produces are normally very 
weak and said to bo of residual nature. At times, however, 
a large mass of polar air intrudes rather far, exporting all 
the characteristics of a normal cold Tront. of middle latitudes 
into the equatorial region. ‘These phenomena are character- 
istic of the winter hemispher 

‘Shear lines. When a polar front extends to the tropics 
the density break almost vanishes due to air subsidence 
and consumption of heat from the underlying suriace. 
What remains of the front is a wind shear. The lines along 
which the break of horizontal wind is observed became 
known as shear Iines. ‘This essentially refers only to the 
areas of cyclonic shear, that is to what rests of the front. 

The areas of anticyclonic shear are rarely met and are 
of no interest from tho synoptic viewpoint. 

‘Two situations around shear lines can be met. In one 
the line separates two streams of opposite direction 
(Fig. 5.14a), in the other two streams in the same direction 
but having differont velocities (Fig. 5.148). 

Lines of the first type can often be observed in the upper 
troposphere between warm anticyclones in summer. Air 
around the lines is as a rule cooler than that. in the surround- 
ing regions. This might be caused by ascending motions. 
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Fig. 5.14 Wind shear of first (a) and second (b) type 


These motions give riso to vast decks of mid and upper 
cloudiness; at times they are accompanied by considerable 
convection. A similar pattern can emerge also in the low 
troposphere on the outskirts of Lhe equatorial trough when 
it displaces far to the north 

The second situation is met very seldom; in the liter: 
ture the phenomenon is only mentioned without any detail. 

We would like to note also that from the vorticity equa- 
tion (5.5.2) divergence varies inverse as the shear (5.5.1) 
and in direct proportion to its rate of change. For a quasi- 
linear flow a constant shear corresponds to D = 0 and does 
not induce weather change. When shear varies with time, 
von smal] values of shear cause considerable divergence 
(convergenes) and, thus, change of weather. 


5.6 Monsoons 


Over vast. oceanic areas the seasonal variations 
of tropical circulation display themselves only as small 
latitudinal shifts and narrow meandering or circulation 
components in intensity; the general character of the circu- 
lation remains the same Unoughout the year. Another 
pattern is found over the tropical continents and adjacent 
soas where circulation varies substantially and in distinct 
seasonal periodicity. The role played by the continents 
is in that they bring about more pronounced seasonal tem- 
perature variations than the oceans. Whereas the oceans 
absorb and accumulate heat to transfer it subsequently 
toward higher latitudes by currents, the continents exert 
their action in another way: they warm quickly at the 
surface and then slowly transfer heat into the adjoining 
air, by a mechanism well described in the books on basic 


and dynamic meteorology. In the summer months an im- 
mense flux of solar energy strikes the belt of 15-25° latitude 
so that the surface and adjacent air warm to very high 
lomperalires. This warming in the early summer produces 
over the continents between above latitudes thermal depres- 
sions which gradually take on some functions of the equato- 
rial trough, thus forming a new region of convergence. 
In the circumstances, the trough ab the equator changes 
ifs structure and becomes less intensive. The trades of the 
winter hemisphere lower their pac ssing the equator 
and form the secondary convergence zone (see Sec. 5.2), 
afler which air accelerates toward the low pressure area 
over the continents. 

In winter this latitudinal belt experiences comparably 
low temperatures. This raises pressure at the ground and 
resumes winds, analogous to the trades, though these winds 
cannot be as stable in both speed and direction, 

Consequently, the tropical continents and the adjacent 
oceans evidence the semiannual change of winds. In some 
areas this variation takes a very distinct form. Tho winds 
whose seasonal overturn clear-cut and the directional 
change exceeds a certain minimal angle are commonly 
called monsoons. From the variety of definitions a most 
explicit to our opinion is that uttered by S. P. Khromoy: 
“The monsoon macro-seale pattern of air flows over 
a considerable part of the earth’s surface, which is notorious 
for high froqueney of a single prevailing wind during a sea- 
son, either winter or summer, with this direction changing 
lo the opposite, or close to it, in coming from one season 
to the other’ 

Figure 5.15 illustrates the regions of the globe where 
monsoons exert their influence. These areas are inhabited 
by more than a half of the globe population mainly involved 
with the agricultural activity. The monsoon for them is not 
just a seasonal weather chango, rather il is a source of life 
and prosperity: 

‘The classic theory of monsoons puts the thermal condi- 
tions into the forefront as being of major importance for 
their genesis. The most general features of monsoon circula- 
tion can more or less satisfactorily be explained in this 
framework, However, monsoons do not develop equally 
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everywhere, ‘Their development is influencod by the shapo 
of the continents, orography, and the conditions for circul 
tion in the upper troposphere. ‘Therefore a monsoon study 
presupposes the regional approach. 

Lot us consider the monsoons that are most pronounced, 
the Asiatic and the African. 

Asiatic monsoon. Asia is the largest mainland on the 
earth. It is washed by the Pacilic from the east and tho 
southeast and by the Indian Ocean from the south. From 
south and southeast it is surrounded by a multitude of 
small and large islands. The tropical zone of Asia has the 
conditions for the circulation to develop with predominant 
winds of one direction in winter and almost opposite winds 
in summer. ‘The seasonal variations of stable circulation 
(monsoons) are well pronounced over the huge territories 
from Pakistan on the west to Japan on the east (Figs. 5.15 
and 5.16). ‘The genesis and development of the Asiatic 
monsoon is facilitated by tho tall and yast_ mountainous 
area, Tibet, stretching from west to east. ‘Tibet serves the 
natural dividing screen between the tropical and polar air 
masses. 

In the Northern Hemisphere winter, the northern part of 
Asian continent is the region where a vast system of high 
pressure forms having a large intensity and centered between 
40 and GO°N; this phenomenon is known as the Siberian 
anticyclone. The radiational cooling appreciably Jowers the 


Pig. 5.16 Winer Asiatic monsoon: surface winds (solid), 700-mb winds 
(dotted), and the ITCZ (heavy) 


temperature thus supporting the anticyclone during a jong 
lime. The outflow of air from the antieyclone proceeds 
through Korea, China, and Japan. ‘The outflowing masses 
converge with the northeastern streams from the Pacific 
over the South China Sea at 15-20°N; this convergence 
often results in fronts since the continental air mass appears 
as a rule much cooler than the air from the Pacific. The two 
air streams gradually merge, progressing southwest where 
they form the northivestern monsoon of Malaysia. Having 
crossed the equator over Indonesia they turn into the wester- 
lies advancing to the ITCZ placed at the time 10-15° latitude 
south of the equator over Northern Australia (Fig. 5.16). 
This figuro clearly indicates the differenco of wind at the 
surfaco and at 700 mb over the southeastern part of the 
continent of Asia, Uhus substantiating that the winter 
‘Asiatic monsoon is constrained in a shallow layer of atmo- 
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sphore when close to the region of its occurrence. ‘This is 
another proof of its thermal origin. 


The 700-mb winds are westerlies over the most part of | 


the Asian continent. They circle the Tibet-Himalayas high 
plateau along ils both southern and northern borders, 
though tho main portion of the stream passes south of the 
mountains. At the eastern side of mountains both branches 
reunite into one stream which reaches Japan. Farther 
south where the winter monsoon merges tho north Pacifie 
trades it extends the 700-mb level. It is interesting to note 
that the winter Asiatic monsoon soldom extends over 
northern India, Here, westerlies prevail both at the surface 
and aloft. The natural mountainous barrier of the ‘Tibet 
Himalayas plateau soals the mid-latitude air off India. 
Southern India (south of 30°N) also experiences no influence 
of the winter monsoon, but in this area the monsoon is 
rather weak and transports air of extrapolar origin. ‘There 
foro in India tho term ‘monsoon’ applies to the summer 
winds and especially in connection with the coupled rains. 

The winter Asiatic monsoon carries cold and stable air 
from the Siberian anticyclone area, Travelling over the 
relatively warm ocean this air rapidly transforms acquiring 
heat and moisture from the occanic surface. Over the South 
China Soa the air mass mixes with the warm stable masses 
coming from the Pacific. This results in an entirely new air 
mass exhibiting all the proportios of warm maritime air 
and in this resembling the air of the trades. At times even 
inversion may bo found there. Consequently, when this air 
reaches Indochina and Malaysia it no longer bears any 
traces of its origin. In its further transforming over Indonesia 
it assumes all the propertios of equatorial air, turning 
on moist, warm, and unstable. 

‘The appearance and development of the summer monsoon 
ovor Asia is a much harder task for explanation. That it is 
also of a thermal origin is beyond doubt, yet the course 
of its development in early summer indicates that the ther- 
mal depression over the continent may not be the sole cause. 
The depression situates over northwost India and the mon- 
soon develops first over South China then extends over 
Burma and only in a month appears over India. In April 
and May the rains set in generally over South China and 


Burma while they are retarded over India so that the tem- 
perature rises to oxtremely high values in May. ‘Then late 
in May or early in June, roughly within a 3-week span, the 
monsoon “bursts”, often accompanied by violent squalls 
and small but intense cyclones on its leading edge. 

‘After the first burst which carries the rain roughly to 
the top of the peninsula, the monsoon advances more grad- 
ually toward the Himalayes and northwestern India and 
Pakistan. In the Indus valley the rainy season may last 
only a couple of months or less; here the average variability 
of rainfall from one year Lo the next is very high. Deviations 
of the rainfall from the normal course may be as high as 20 
to 25 per cent. z 

‘The thermal depression forming in early summer is 
unable to explain why the monsoon is retarded over India 
as compared with Burma and with other continents of both 
hemispheres and why it subsequently advances in the 
spectacular manner that has given rise to the name ‘burst’. 

One permanent feature that might help to explain the 
difference between the onset of the monsoon over India 
and olsewhere is the channelling effect produced by the 
hoight and shape of the Himalaya mountains, In winter 
a considerable portion of the belt westerlies circles Uhe 
southern rim of the Himalayas. Even at the altitude of 
8 km the streamlines follow tho contours of the mountain 
quite woll, thus arranging in a channel, as it were. ‘This 
type of circulation causes a meridional trough in high 
alliludes over the Bay of Bengal. In the beginning of warm 
n this trough favours easterly winds to occur aloft 


over South China and Burma, but not over India which 


lies wost of the trough line. These upper-level casterlies 
play an important role in arrival of the summer monsoon. 
‘They comprise the upper return streams moving toward 
the equator and thus being a part of a summer cirevlation 
over the Asian continent. So far as the westorlies prevail 
in the high troposphere over India the monsoon will be 
retarded there. ; - 

In summer (end of May-carly June) an entirely different 
picture prevails. The westerlies retreat abruptly to the north 
of the Tibet mountains, and a continuous north-south trough 
line extends from westerlies to easterlies near 75°E, just 


138__Ch. 5 Circulation and Synoptic Systems of the Tropics 


5.6 Monsoons 4139 


80 20 20 o 


Pi 


5.17 Summer Asiat 


monsoon: surface wi 


As (so 


), 700-mb 


winds (dotfed), 500-mb winds (dashed), and the ITCZ (heavy) 
west of the bulk of the mountains. Immediately tho 
wostorlies sel in over northern India and give way to tho 


stummer monsoon 
displays its. first 
Pakistan and all 


in low levels. At this Lime the monsoon 
burst to subsoquontly cover India and | 
Southeast Asia (Fig. 5.17). { 
_ {n the summer monsoon cirenlation over Asia the castor. | 
lies are strongest aloft in the easterly tropical jet. It com- © 
monly: places av 4715 km altitude with the axis at about 
fatitude., Wind speads along the jet center Ii y 
42" latitads. Wind ep ng the jet center line may 
‘The mountains and high plateaus of Central Asia favour 
the summer monsoon not only by deflecting the uppor wester- 
lies northward, but also by comprising an important heal 
source in the upper troposphere. An intense insolation of 
the plateau raises tho tomperaturo thus extending and | 


deepening tho low pressure over northern India. These 
favourable conditions make the suinmer India-Burma mon- 
soon a powerful air stream. In Juno and July it reaches 
i km height over India, and even 9 km over Burma. Farther 
east where the mountainous influence is far less the mon- 
soon flows are found in a more shallow layer. Over Japan 
the monsoon depth is seldom above 2 km. 

‘Phe summer Asiatic monsoon is in goncral loss stable 
than the trades in both speed and direction. [t often arrives 
in “pulses’—3 to 10 day periods of intense monsoons alter- 
nate with similar spans of weaker streams. 

Ample rain comes with the summer Asiatic monsoon. 
In many aroas of South and East Asia the largost rainfall 
comes for summer. The amount of monsoon precipitation 
is densely coupled with the properties of air masses entrained 
in the monsoon flows. These masses form mainly in Uhree 
rogions. 

"Pho first of thom is in the Indian Ocean west of 100°R 
and south of the equator, On its way from this region to the 
equator the air mass covers thousands kilometers over warm 
oceanic surface and becomes very moist, warm and unstable 
(Fig. 5.17). 

Tho second region is in the subtropical high over Austra- 
lia, east of 100°E. In this area air mass is dry and stable. 
These properties azo still evident over Indonesia, yet as 
the mass travels farther west it turns to more moist and 
less stable. 

The boundary between the two air masses (zone of conflu- 
ence) is often found over Malaysia being the eause of the 
ample rainfall. A precise position of the boundary cannot 
always be traced since in here both streams are already not 
unlikely in thoir properties. 

Tho third formation area of the summer Asiatic monsoon 
is in the Pacific. ‘The branch of the monsoon that is formed 
here flows across Japan and the northern areas of China 
At the place of origin this air mass is moist, warm yet 
sufficiently stable. Flowing over the warm ocean it rapidly 
transforms and loses its stability. Ils area of confluence 
with the mass moving from Australia lies east of the Philip- 
pines, though can extend as far as south Japan and even 
Korea. 
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5.46 Monsoons 


All the three air mass 


acquire 
rializes when the air reaches a zone of convergence or is 
entrained in a tropical disturbance. Rain may also be 
caused by the influence of orography. 

Here it should be emphasized that convergonce and 
disturbances are cl 
come under the influence of orography. It can, for example, 
initiate convergence which, in turn, gives rise Lo disturbance. 
Orography can also reinforee or slacken disturbances and 


give birth to a now disturbance. On the other side, any 


disturbance always generates convergence (divergence) of 
air flows, at least in the lower troposphere. ‘The conditions 
for convergence and disturbance formation can always be 
found inside a monsoon stream. Initiating in a monsoon the 


disturbances travel with its streams causing rains. The 
chain of events looks as follows: a monsoon carries moist 
and unstable air which gives rise to disturbances, the 


updrafts of the disturbances build up clouds and produce 
rains, coming in contact with the orography these processes 
intensify. The passing disturbances make the monsoon 
proceed in pulses. Commonly, heavy rains coupled with 
disturbances are followed by several days of easy flow. 

Extending over vast territory, the Asiatic monsoon ex- 
hibits some regional peculiarities. Generally, the winter 
monsoons are stronger in the eastern territory, whereas the 
summer monsoons are more intensive in the west. At the 
southeast of the Asian continent close to the equator the 
summer and the winter monsoons are of about equal in- 
tensity. 

African monsoon. The monsoon circulation over Africa 
and over Asia differ in two essential aspects. Firstly, the 
African monsoons are far less in area and thickness. Rel 
tively small sizeof the African monsoon can be explained 
by the fact that the seasonal displacements of the I'TCZ 
are not as significant in Africa—not more than 15° latitude 
on the west and around 30° latitude on the east—as in 
Asia where it amounts (o 40° latitude. Secondly, polas air 
masses do not take part in the formation of monsoons over 
Africa, therefore summer and winter monsoons differ in 


es become moist and unstable after | 
lengthy contact with the warm oceanic surface so that they 
considerable rain potential. This potential mate-— 


ely related phenomena which may also || 


their properties, far loss in Africa than in Asia, However, 
the basic characteristic of monsoon, seasonal change of 
wind direction, exists almost in all regions of tropical 
Alica. ; 

Monsoons aro dissimilar in the west and east parts of 
Africa. In the west, monsoons of various seasons drastically 
difler in their properties, since they form in different air 
magses; in the east monsoons differ in direction only, and 
the air masses in which the monsoons form are almost alike 
in the properties. 

The above regional differences are mainly caused by the 
shape of the African continent. On the west, the huge bull 
of the continent placed north of the equator represents 
a pronounced contrast to the marine area of the Bay of 
Guinea, whereas on the east, the continent equally spans 
on either side of the equator so that there exists no ground 
for the above contrast. . . 

The geography of Africa consists mainly of vast high pla- 
teaus and mountains; therefore lo be more illustrative we 
shall discuss the cireulations as represented at the 850-mb 
surface. fase 

In the Northern Hemisphere winter when the 1TCZ is 
situated closo to the equator, the west regions of Africa 
come under profound influence of the northeast trades 
(Big. 5.18). The NE winds prevailing up to 3 km altitude 
bring in dusty, cold, stable air formed over deserts. ‘These 
winds bear a local name ‘kharmatan’, But for a narrow 
south coastal line, the winter season is generally dry in 
the west regions of Africa. - 

Owing to high temperatures a heat low occurs in summer 
at around 20°N. Because of this low the ITCZ slowly shifts 
northward and in July sets ab Lhe surface at about 15°N 
g. 5.18). Asa result the SW winds intrude the continent, 
and it is this phenomenon that is called monsoon in the 
area. This monsoon carries warm and moist air formed over 
the Atlantic. Most part of the rain falls south of the ITCZ 
(see Sec. 5.2). The monsoon in the west of Africa (occasional~ 
ly called the West African or Guinea monsoon) is observed 
in a relatively shallow layer. At 500 mb the ITCZ stays 
at the equator throughoul the year. 

In East Africa the influence of the continent is experienced 
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Fig. 5.18 Circulation aver Abie 
winds (solid arrows}, 500-mb 
and. 500-mb TTCZ (dashed) 


in (@) Janu 
ls (dotted 


and (0) Suly; 850-mb - 
850-mb TPC’ (heavy), 


on eithor side of the equator and, as a sequence, the ITCZ 
shifts northward from the equator in the Northern Hemi- 
sphere summer and southward in the Southern Hemisphere | 
summer. In January it is situated around 15°S so that J 
most part of eastern Africa comes under the inlluonce of | 
the NB winds which become NW on crossing the equator. | 
These winds mainly carry the air of continental origin, |] 
which does not produce rain over the regions of Hast Africa. - 
In July the I'PCZ appears at 15°N and air from the Indian 
Ocean rushes into the eastern areas of Africa. This air is | 
also appreciably dry and cannot aid precipitation (it is | 
believed Lo dewater on the sleep slopes of the Madagascar). || 
Thus, both monsoons are relatively dry, and rains fall | 
only during the intermediate season when the ITCZ traverses | 
the’ aren. j 


5.7. interaction Between Mofions 7 
of Different Scales ; 

Different-seale motions are interrelated in the | 
tropics in much the same manner as in mid latitudes. © 
‘Through this interaction, energy is transferred between 
disturbances of different scales making them reinforce or, 


decay. 


Small-scale eddy Iriction at the carth’s surface changes 
thoYcurvature; of wind so that favourable motions, become 
the’ inflow of air to the centor of a cyclone (toward the 
trough line)or the outflow of air from the center of anti- 
cyclone (away from the ridge), i.. widespread fields of 
divergence (convergence) are created, This results in filling 
in cyclonic and desintegrating anticyclonic disturbances. 
‘The process is essentially alike those in mid latitudes. 

Observations indicate that in some occasions disturbances 
in tho lower troposphere are overlaid by the upper tropo- 
sphoric easterly jet at 200 mb. It assists a large-scale diver- 
gone (convergence) to occur thore. A. I. Fal’kovieh has 
suggested to term the formation an ‘upper boundary layer’. 

‘As follows from GATE observations, the upper boundary 
layer acts in the opposite to the lower one. Considering the 
disturbances in the I'TCZ we may state their eyelonic behay- 
iour. At the same time an anticyclonic vortex is observed 
in the upper boundary layer, which favours positive dive 
gence or “mass discharge”. In the circumstances, small- 
seale eddy friction in the bottom layer tends lo work in one 
sense, say to fill a cyclone, whereas in the top layer the 
endency is in the other sense, say to deepon the cyclone. 
the nel result of two layers may either conserve the disturb- 
ane, or make it gradually evolve. Certainly, the disturb- 
ance evolves under the influence of the whole large-scale 
divergence of the troposphore, formed by the summed action 
of all-scale perturbations, rather than under the two layers. 
Novertholess, the formation of a large-scale divergence and 
its vortical profile is mainly decided by the upper and lower 
boundary layers. 

Consider the action of large-scale movements. Leta cy- 
clonic disturbance be influenced in a time interval by only 
a large-seale motion. Then, energy calculations performed 
oy A. [. Fal’kovich on GATE data indicate that the largo- 
scale motions lower potential energy by 1000-1300 J cm~* 
a day in the disturbance area from sea lovel to 300 mb, 
while they enhance it by 400-500 J em~* a day in the layer 
250-400 mb. In other words, the constant pressure surfaces 
and, hence, pressure) in the lower troposphere must descend 
and in the upper troposphere ascend. Jt implies that the 
cyclonic disturbance in the lower troposphere and the 
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capping if anticyclonic disturbance in he upper troposphere 
must gain in intensity. Therefore, large-scale motions tend 
lo increase vorticity and deepen, or reinforce, disturbances. 

Also, large-scale ascending motions tend to increase the 
total energy content in the 0-3 km layer and dei 
the upper layers. This brings about instability and convec- 
lion (See Chap. 3). Consequently, large-scale ascending 
motions are responsible for creation of convective insta 
bi 


Rational cooling acts in the same sense within disturbance. 
In the mean, the process intensifies with height and thus 
amplifies convective instability of atmosphere. Its contri- 
bution into convective instability makes the flux of edily- 
available energy directed from the ocean into the atmosphere. 

‘Lo sum up, three processes, large-scale ascending motions, 
radiational cooling within disturbance, and flux of availabl 
energy from ocean to almosphere, create favourable cond 
tions for appearance and development of penetrating con- 
vection which compensates the action of large scale mo- 
tions by transferring energy upwards. 

Consider now the action of penetrating convection on 
large-scale motions. Recalling that tropical disturbances 
are mainly Lranslated from cast lo west with a poleward 
component we assume in the considered disturbance the 
vertical distribution of energy, the patiern of large-scale 
motions, and the energy Ilux from the ocean do not change 
with time. A balance is achieved when penetrating convec- 
tion and energy dissipated due to friction compensate the 
distortions of energy profile caused by large-scale ascending 
motions, An essential parl in offsetting or restoring the 
balance plays rearrangement of stratification caused by 
vertical wind shear in the disturban tone. This pheno- 
menon arosen due to various speeds of motion in different 
layers of atmosphere in the disturbance zone became known 
as ventilalion. 

Action of ventilation may be shown as follows. Let the 
velocity of disturbance be C and that of air V. Let various 
layers in the disturbanee zone move at different speeds, 
slower than the disturbance, V<C, abt its pace, V = C, 
or faster, V > C. In the slow layers air in the disturbance 
is continuously renewing, i.c. ventilation due to counter 


ease it in | 
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flow, and in the fast layers disturbances are ventilated by 
the overtaking flow. The layers of V = C have no ventila~ 
tion. ; 
Assume that in travelling over ocean a balanced tropical 
disturbance arrives in an area where the oceanic surface is 
warmer. There the disturbance can abruptly deopon and 
a common “harmless” depression can give riso Lo a hurricane. 
The higher temperature of the water upsets the balance, 
raises instability, and intensifies energy flux from ocean 
to atmosphere, hence, reinforcing saturated adiabatic con- 
yection in the disturbance. Now the convection plays the 
role of an agitator of large-scale motions. First, it increases 
the depth of the boundary layer (low level eddies extend 
into higher altitudes, increasing the eddy mixing cooffi- 
ciont) thus reinforcing the large-scale convergence. Accord- 
ing to Fal’kovich, not only the lower but also tho upper 
boundary layer increases because strong convection builds 
up clouds to penetrate into the upper troposphere. Secondly, 
well-developed penetrating convection makes a significant 
contribution into formation of a warm core in a disturbance. 
For example, a cyclone with a cold core turns to the warm- 
core cyclone under the influence of convection: it transfers 
energy upwards filling in this way a minimum in the profile 
of static energy of moist air (see Chap. 3 and Sec. 


5.5). 
This process proceeds the faster the stronger the convection 
dominates over the eflocts of ventilation and large-scale 
motions. The energy Jlux raises temperatures and humidity, 
favouring thus warm-core formation of a cyclone and rear- 
rangement. of all its structure. 


5.8 Heat and Moisture Transport 
Mechanisms 

Consider the sum of enthalpy, potential onergy 

and latent heat, which is called the static energy: 
B67 + ge+ lq 

where ¢p is the heat capacity at constant pressure, 7’ the 
absolute temperature, g the acceleration due to gravity, 
z tho height, Z the latent heat of vaporization, and q the 
specific humidity. 
40-01 732 
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‘Tho moridional heat transfor in tho tropics is offected| 
by large-scale circulations and eddy disturbances (hori-| 
zontal macro-turbulent exchange). Heat transfor aloft. is 
cliected by homogeneous vertical motions, coupled with: 
cyclonic disturbances, and by convective streams. A sub-| 
stantial portion of heat comes to the atmosphere from the | 
underlying surface as Jatent heat which can be made avail-| 
able to almosphere through condensation and rainfall. I 
equatorial latitudes the sum of heat realized through con- | 
densation of water vapour and sonsible heat receiving from | 
the earth’s surface exceedingly outweighs the heat deficit 
created by outgoing long-wave radiation. | 

Static energy flux (Table 5.1) is directed from the equator | 
lo mid latitudes in both hemispheres. ‘The flux gains in 
amount as it departs farther from the equator. At the geo- 
graphic equator the flux is markedly less than at other 
latitudes (except the thermal equator where it is zero) and | 
directed southward. 

Latent heat flux is essentially transfer of water vapour. 
Its net transport from north to south is pointed towards the 
thermal equator (5°N), the flux from the south substantially 


Table 5.1 Mean annual heat flux across lati(udinal 
{in tO! W) (after Kidson, Newell, Oort, Robinson, St. 
and. Vincent) 
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5.19 (a) Latitudinal profiles of the pressure-integrated total (full 
mean circulation (dedied line), and eddy (dashed tine) meridional 
fluxes of water vapour, (6) The zonally averaged divergence of wati 
vapour in belts at 5° latitude expressed as evaporation minus preci- 
pitation (after van de Bogard) 


Fig, 
lin 


exceeds that from the north. Many researchers not unfound- 
edly believe the south equatorial oceans are the main 
“suppliers” of latent heat to the atmosphere. According 
io LLM.E van de Bogaard, ‘in low latitudes, the vapour 
iransport is predominantly toward the thermal equator, 
being dominated by the mean flow in the lower trade wind 
branch of the Hadley cell whore vapour density is greatest. 
‘The transport by eddies is almost exclusively poleward’. 

Figure 5.192 illustrates pressure integrated vapour trans- 
port in the Northern Homisphore. It is readily seen that 
the flux accomplished by eddies predominates. It is greatest 
at around 25°N; gradually it weakens equatorward and 
becomes zero very nearly at the equator. ‘The flux due to 
the mean circulation reaches a minimum at 10°N, that 
is whore the wind is strongest in the trades. At about 26°N 
it is close to zero and farther north reverses in direction. 
Here it is approciably woakor than tho eddy meridional 
flux. 

Figure 5.19) depicts the zonally averaged divergence of 
water vapour. Tho positive divergence corresponds to the 
altitudes where evaporation exceeds precipitation. In the 
helt of 10-35°N the divergence is seen to be positive, that 
is water vapour replenishes the atmospheric content. North 
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and south of the belt moit 
prevails over the vapour income from evaporation. 


Realized energy flux (cp -- ®) is directed northward and | 


southward of the thermal equator. Within the tropical 
rogion this flux is larger in the Southern than in the Northern 
Hemisphere. It reaches groatest values at 20°S. In the 


Northern Hemisphere the maximum flux is also found at — 


20° latitude, yet it is almost 2/3 as strong as its southorn 
counterpart. 

Eddy fluc of realized energy in the belt 20°N to 20°S is 
very weak and in equatorial region it equals zero. North 
and south of tho latitudes the oddy flux gains substantially, 
reaching its maximum beyond the tropical latitudes. 

Circulation flux of realized energy is directed south and 
north from tho thermal equator. It is highest at 15°N and 
25°8. Meridional heat transfer is performed by solenoid eir- 
culations of the Hadley cell type. In the ascending branch 
near the equatorial trough heat comes into the atmosphere, 
in the dosconding branch at the subtropical ridges the atmo- 
sphoro undergoes partial loss of heat because of radiational 
cooling. ‘The meridional streams connecting the ascending 
and descending branches, that is the trades and their oppo- 
sites in tho upper troposphere, flow towards low pressure. 
Hence, here generates the kinetic energy of horizontal 
streams. Under the influence of friction it dissipates in the 
lower layers, but consorves in the upper. 

J. S. Malkus and UH. Riehl proved that stable circulation 
of the type (with uniform ascending motions in the most 
part of tho equatorial troposphere) is impossible. It is 
known, however, that the most significant heat transfer 
towards mid latitudes is effected at about the 200-mb lovel. 
Accordingly, in the equatorial region there has to exist a 
mechanism to transfer energy from lower levels to the upper 
troposphere. Malkus and Richi assign the major rol in 
this mechanism to convective streams which favour the 
formation of deep clouds with protectod core. Having a 
small cross-sectional area, howover, these clouds cannot per- 
form the duties of the energy transfer mechanism. Air par- 
cels ascending inside the clouds from bottom moist layers 
and having a large amount of energy are to lose this energy 
in the processes of mixture. 


ure discharge falling as rain | 
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In large clouds whore the air ascends over a considerably 
yreater area the cloud core may remain unmixed so that an 
air parcel in this flow can preserve its energy, uplifting into 
the upper layers of the troposphere. Hence, large-diameter 
cumulonimbi (often referred to as “hot towers”) may serve 
s “conductors” for energy transfer to the upper troposphere, 
The core of such clouds appears isolated, as it were 
from the surroundings and conducts, in the vertical up- 
drafts, large masses of air with high encrgy content picked 
up from the underlying surface. 

In different areas of the tropical zono the conditions for 
convection aro unequal (see Chap. 3) so that convective 
clouds build to various altitudes. In the average conditions, 
air parcols ean ascend without mixing up to 200 mb and 
even higher in the protected-core clouds of the equatorial 
trough. At a distance of 20° latitude aside from the trough 
axis they can ascond not above 300 mb and often only to 
700 mb. ‘Tho clouds markedly differ in their tops elevation, 
being in general taller over land than over ocean. So, the 
upper branch of the Hadley circulation receives energy 
through clouds building up to various heights. 


Review Questions 


1. What constitutes the basie current in the tropical at- 
mosphere? 

2. What is undorstood under the disturbances of basic 
stream? 

3. How would you discern a disturbance from a basic 
flow? 

4. Describe the structure of basic stream. 

5. What is the Hadley cell? Which elements compose the 
circulation? What are the weak points of the model? 

6. Define the equatorial trough and the ITCZ. 

7. Discuss seasonal displacements of the equatorial trough 
over the oceans and over the continents. 

8. Describe the distribution of divergence, vertical mo- 
tions, cloudiness and rainfall in various locations of the 
ITCZ, 
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. What are equatorial wav 


. How does the V 


. Which layersare identified in the trades? Characterize 1 


each layer. 


. How do the trade winds occur? 

. What underlies the term ‘antitrades’? 

Do the winds of antitrades origin actually exist? 
. What are the principles to clas 


synoptic objects in the 
tropics? 


. How can synoptic objects bo discorned basing on thoir 


appearance? 


. According to what principles are cyclonic (antieyelonic) 


movements rated? Cyclones (anticyclones) of what 
class are observed in the tropics? 


. What are waves in tho eastorlies? What is the weather 


ated with them? 


. Verify the distribution of divergence and convergence in 


the terly waves. 


? In what do they differ from 
the waves in the easterlies? 


. What linear systems (linear synoptic objects) can be 


met in the tropics? How would you shortly characte- 
rize them? 


|. What is monsoon? Define the phenomenon. List main 


causes of monsoons. 


. How does the winter Asiatic monsoon appear and deve- 


lop? 


. Which air masses take part in the winter monsoon 


stream? How do they transform? 


. How doos the summer Asiatic monsoon appear and deve- 


lop? 


. Which air masses are involved in the summer monsoon 


stream? Where do they form and how do they transform 
in travel? 


. Why do heavy rains set in with summer monsoon arri- 


val? 


t-Afrieon (Guinea) monsoon appear 


and develop? 


. What comprises the Hast-African monsoon? 
In what do the African monsoons differ from the Asia- 


tic? 


. What is the upper boundary layer and how can its role 


be defined in eyolulion of disturbances? 


40, What intluence do large-scale motions exert on distur- 


hances? ; 
41. Name the processes that produco effects in contrary to 
that of large-scale motions. : 
\2. What is the effect of penetrating convection on large- 


scale motions? : 
‘e, Discuss how a cold-core cyclone transforms into that 


of warm core. 


Chapter 6 TROPICAL CYCLONES 


6.1. Formation of Tropical Cyclones 


‘Tropical cyclones can appear at any time of the | 
year in tropical parts of all oceans, excopt the southeastern: | 
Pacific and south Atlantic. Their count abruptly varies | 
from one rogion to another and from year to year. Fig 
ure 6.4 plots the areas where tropical cyclones appear, i.e. the || 
rogions where tho eyelonic disturbancos have been rogis- | 
tered to appear over the last eighty years. q 

Most often tropical cyclones form in the northern tropical q 
Pacific. On the annual mean basis, there have been observed © 
about 82 cyclones in the area. Their highost frequency is | 
noted in August and September, that is in late summer 
(Fig. 6.2, solid curve). In the northern tropical Atlantic 
clones occur more often. On the avorage, the yearly count is _ 
about 40 cyclones. The highest frequency there is also noted i 


in August and September (Fig. 6.2, dotted curve). About 
as many Feyclones appear in the southe ical Paci- 
fic. Here, the maximum of occurrence falls summer, 


Fig. 6.1 Arcas of formation of tropical cyclones (after Gray) 
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Annual variation of frequene: 
‘in various regions of the tropics 
Solid}, the northern tropical Atlantic (dotéed), thesoutheastern trop- 
ical Pacific (dash-and-dotied), the Arabian Sea (dashed), the Bay of 
Bengal (dashed heavy}; n = monthly count of cyclones (after Grey) 
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in January (Pig. 6.2, dash-and-dotted curve). I i 
Seoan the otuenoy of Sptlones is: smeshae. town, Ser 
over the Bay of Bengal and Arabian Sea only 2 or 3 cyclones 
a year aro observed, on average. Horo, the soasonal frequon- 
cy course shows two maxima, one in May and the second in 
November (Fig. 6.2, dashed curves). — 

Most often (65 per cent of all observations) tropical 
clones appear between latitudes 10° and 20°. In the higher la 
tudes they form only in 43 of 100 occasions. ‘They have never 
been, found north of and south of 22°8. In the belts of 
3-10° latitude of both hemispheres the latitudinal frequency 
of cyclone occurrence is 22 per cont. At 2-3° latitude only 
Single occasions havo been observe if 

Sovore tropical cyclones are known as humricanes i 
Allantie and eastorn Pacific, as typhoons in. the iain 
Pacific, and as cyclones or hursicanes in the other areas 
where they occur. There are known some local names for 
the storms; willy-willy in Australia, williwau in ii 
and haguio_ in the Philippines. 

Until 1978 the sovere tropical cyclones have been labelled 
by Jeminine names. The Seventh Session of the WMO 
Regional Association IV (1977) adopted a recommendation 
on using male nam along with female, for the purpose. 
So, first three topical storms swept in 1979 over the Carib- 
bean, Gulf of Mexico, and northern tropical Atlantic re- 
ceived the names Ana, Bob, and Cladette, and the throo ey- 
clones passed over the northeastern Pacific the names Andreas. 
Blanka, and Carlos. Tn the Atlantic, each cyclone beside 
the name is supplied with the year of formation, and seri- 
al number joined into a four-digit numeral, For example 
7809 implies the ninth hurricavo of 1978, 7 

present no universally acknowledged theory is 

on appearance of. tropical cyclones, There exist instead a 
series of empirically derived indicators which, if supported 
by some analytical maturity, can he used to forecast appear- 
ance or passage of a cyclonic disturbance. These indices dif- 
fer from ono region to another and include mainly a char- 
acteratie march of weather preeading n eyslone, 80 far thls 
ype of forecasting has not ; sic of 
— rocasting has not beon supported by the logic of 

Tropical storms are comparatively seldom phenomena, 
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‘Voir appearance deponds on some combination in atmospher- 
ic conditions and the state of the underlying surface. Some 
of the conditions are known, yel many others might still 
‘wait their evaluation. Let us discuss which we know. 

‘A tropical storm can form either of a preexisting upper- 
lovel eyelone having a cold core, or of a weakly developed 
area of [ow prossuro. In either case a surface synoptic chart 
‘lisplays at the initial moment, what we shalLcall, the ineip- 
ient or preoxisting cyclonic disturbance, or [CD in short, 
as a slight Lough or, at best, a small low encircled by a cone 
tinuons isobar. ‘The origin of the [CD cannot be well traced 
for all cases but it is very likely to be connected with wave 
processes in the tropics and the influence of mid latitudes 
intrusion of troughs from higher latitudes). 

‘Tho process of further transformation of an ICD into a 
tropical cyclone is decided by its position in a basic stream 


‘Two ways are possible. 
4. The incipient cyclonic disturbance is in the baroclinic 


part of the basic stream. ‘A significant efiect on the ICD 
may be exerted by the baroclinic instability defined by the 
horizontal temperature gradient. Thus, for oxample, the 
casterly wavos are situated in tho baroclinic portion of the 
main stream. They are stable as a rule, yet in some cases 
when the horizontal temperature gradients are exceedingly 
high, tho wave fails to be stable any longor and changes to a 
vortex. The Coriolis force also favours the cyclonic vortex 
in the easterly wave observed at 13-20° latitude. ‘This co- 
operative action of baroclinic instability in the area of the 
tasterly wavo and an appreciable value of the deflecting 
force brings about a closed cyclonic circulation. 

2. The incipient cyclonic disturbance is in the quasi- 
barotropic portion of the basic stream, in the ITCZ. It may 
happen so that the ICD turns out in the area of barotropic 
instability, defined by the horizontal wind shear along a me- 
‘an, thon a closed cyclonic vortex can form. Whon the 
TTCZ is at the equator, tho closed circulation can hardly 
bo formed by any instability, and cyclones cannot ap- 
pear hero. A displacement of the I'CZ 3 to 3° latitude pole- 
ward proves sufficient to produce the favourable conditions 
clonic vortices to oceur. At the latitudes it is sufficient- 
ly high to produce the required spinning effect. ence, in 
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oithor way the non-zero Coriolis force is an essential condi- 
tion of cyclogenesis 

The closed circulation is but the initial stage in formation 
of a cyclono. To maintain cyclonic circulation for a substan 
tially long time the omorging cyclone should he supplied by - 
energy. The cyclone is believed to pick up this energy from | 
the oceanic surface. It is long noted that cyclones appear 
and develop over the surface with a temperature not lower 
than 26°C; moreover, a woll-devolopod cyclone contacting 
with a cooler surface rapidly loses its intensity. If we recall 
that the highest frequency of tropical cyclones fulls to late 
summer-early autumn when the ocean surface is at its warm- | 
est everywhere, we would no longer doubt on the source 
ofenergy for cyclones. It is undoubtedly the ocean. V. V.Shu- | 
leikin indicated that a tropical cyclone may be treated as the | 
heat engine whose heater is the oceanic ‘surface, and heat | 
sink—the atmosphere surrounding the cyclone. If it is so 
then. it becomes obvious why cyclones cannot form, say in | 
the southern Atlantic. The cold oceanic streams lower there 


the temperature of the waters beyond that in the other trop- — 
ical oceans so that the heat engine fails to function. : 
An energy source available docs not imply availability 


of a supply link. A mechanism must exist to continuously 
supply energy and converse it in kinetic form. The supply 
of energy can partly be provided by the direct contact’ be- 
tween cyclone and water surface (see Sec. 6.3), yet it would 
bo insufficient for a storm to develop. The major mechanism 
of energy transfer consists of a chain of water phase transi- 
tions. Moist air entrained in deep penetrating convection in 
moist liable atmosphere evolves in condensation an cnor- | 
mous amount of heat (see Chap. 3). The released heat of | 
condensation converts into the Kinetic onergy of a cyclone. 
New portions of onergy transported via the convection con- 
tinuously make up for the energy dissipated in friction. If 
the supplied energy exceeds the losses, then the cyclone will 
develop; if the dissipated energy equals the supply, the cy- 
clone remains unchanged; if the dissipation execeds the sup- 
ply, the cyclone will be filled, 

For a long time it has been believed that the main pro- 
roquisite for a tropical cyclone to develop should con: 
in the presence of moist unstably stratilied air and progres: 


ing convection, Now it became obvious that convection 
alone, though an indispensible condition of a tropical cyclone 
development, cannot be thought a sole cause of tropical 
cyclogenesis. ney SRA 

Hence, we know that the composition of the following con- 
ditions will favour formation of tropical storms: 

(a) incipient cyclonic disturbance; 

(b) baroclinic instability deponding on horizontal temper- 
ature gradient, or barotropic instability determined by 
horizontal wind shear along a meridian; — 

(¢) the value of the Coriolis force that will suffice to pro- 
duce the spinning effect; : 

(@) tho tomporature of the oceanic surface not lower than 
26 °C; and ! 

(®) convective instability of atmosphere, favourable for 
penetrating convection. 


6.2 The Life Cycle of Storm 


‘Tropical cyclones may deepen to various inten- 
sities. Accordingly they are termed (ratings may differ): 

(1) a tropical disturbance, when the cyclonic wind is not 
stronger than 45 m st; i. 

2) a tropical depression (marked ''D on charts), when the 
wind is 16-20 m s~5 an 

(3) a tropical storm (marked TS), when the wind is 21- 
32 ms” . r 

(%) a hurricane (marked H), when the wind speed is above 
32m s 

‘A cyclone may change in intensity and develop from trop- 
ical disturbance to severe storm. Only few cyclones attain 
a hurricane foree mostly though they cannot grow beyond 
‘a tropical disturbance. The ovolution of the average storm 
from birth to death has been divided into four stages. 

1. Formative stage. The stage begins with the appearance 
of a first closed isobar, In this stage winds usually remain 
below hurricane force and surface pressure in the center of 
cyclone does not drop below 1000mb. Strongest winds are 
apt to be concentrated in one quadrant only, poleward and 
east of the center, The cyclone moves from east to wost. 
Deopening can he a slow process, requiring days for organi- 
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zation of a large area with diffuse winds. It can also be ex- 
plosive, producing a well-formed cyclone within 12 hours; ; 
Yor this time the cyclone is encircled by a few additional 
isobars. i 
2. Immature stage. If intensification takes place, the low-. 
est pressure rapidly drops below 1000 mb, and at least at 
one place within tho cyclone winds rise to hurricane force.| 
Two modes of further development are possible, with no! 
regard to how the eyclone has developed in the formative! 
stage, though often a fast development in the formative! 
stage suggests a fast development in the immature stage. In| 
the first, a cyclone starts quickly filling after a short period: 
of hurricane wind in one of its parts and then it may travel 
long distance as a shallow depression. On the second line, a! 
cyclone deepens sharply and the lowest pressure rapidly drops. 
Winds of hurricane force form a tight band around the cen- 
ter. The cloud and rain pattern changes from disorganized 
squalls to narrow organized bands spiralling inward. Only 
a small area is as yot involved. 
Mature stage. The surface pressure at the center is no | 
longer falling and the maximum wind speeds no longer in- 
creasing. Insiead the circulation expands during the mature 
stage, which may last a full week. Whereas winds of hwri- | 
cane force may blow within a 30-50 km radius during imma- | 
turity, this radius can increase to 300-350 km in mature | 
storms, ‘he symmetry is lost in the area of gales and bad | 
weather extends much farther to the right of the direction of 


motion than to the left (looking downstroam). { 
It is surprising how much the sizo of maturo storms can | 


vary. The radius of some storms is only 100-200 km, others 
can attain a radius of 1000 km. 

4. The decaying stage. The last stage of life cycle begins 
when the cyclone starts filling. q 

Most often decaying begins when a hurricane rocurves — 
from the tropics and enters the belt of westerlies. Here its | 
filling begins immediately, followed by slackening of the | 
wind so that the cyclone finally dies out. This often observed 
sequential chain has another alternative. Having recurved 
lo the mid latitudes a cyclone can lose its tropical char- 
acteristics, assuming a middle-latiiude character of an or- 
dinarily extratropical cyclone. It may happen so that remain- 


‘sa cyclone enters over a land mass. Here, 


ing in the top 
only 


it ills in, however, after a lot of destructions. It ts 
seldom that tropical cyclones fill in over the ocoans. 


6.3. Structure of Tropical Cyclones 


An approximate structure of tropical cyclone 
has been known to meteorologists already for long, however, 
the reliable data on the tropical storms and satellite pic- 
turesof the recent times have substantially improved our know- 
ledge about the meteorological quantities within a tropical 
cyclone. Starting with 1955 suitably equipped airplanes be- 
gan the reconnaissance flights within tropical cyclones sup- 
plying data on their structure. - 

‘Surface pressure. Pressure in the center of ordinary tropical 
cyclones amounts to 950-960 mb, Oceasionally this pressure 
has dropped to 890 mb, and the lowest recorded drop was 
877 mb. Tropical cyclones have notably large pressure gra- 
dients, 14-17 mb/100 km. In some cyclones the gradients 
run as high as 60 mb/100 km. Asymmetry in the gradient 
distribution (Fig. 6.3) is explained by the overlapping of 
the cyclonic pressure field over that of the basic stream. 

A harograph trace makes a sharp dip when a tropical cy- 
clone approaches, then as it passes over, as sharply rises 
(Fig. 6.4). : 

Wind. Tn the cyclones of the Northern Homisphere winds 
plow counterclockwise, in the Southern Hemisphere they 
are in the clockwise direction. No one knows how high wind 
speeds can rise in tropical storms. At surface stations the 
auemometer is usually blown away at speeds which exceed 
50 ms-. A few anemometors, spocially constructed for 
hurricane measurements, have recorded speeds up to 90 m s~* 
and then also failed. Indications are that over the sea the 
wind speed may attain 110 m sin a yery small area. 

At low levels winds spiral inward to the center of a cyclone. 
‘The highest wind belt can be distanced in a wide range 
of radii from the center of a cyclone (10-150 km and at times 
oven farther). In a typical cyclone the belt is between 20 
and 50 km radii. Within the belt wind speeds markedly di- 
minish toward the center where weak winds of various dire 
tions are observed. Away from the center, beyond the high- 
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est winds belt, winds slowly and unevenly fade. The distance 
of the 25 ms~ isotach varies from 75 km to several thou- 
sand kilometers, 

Aloft, wind speeds in cyclone abate, first, up to 6 km height 
thoy vary slowly and then, above this level, much faster. 
With increasing height cyclonic circulation gradually con- 
verts into anticyclonic one forming an outward spiral of 
streamlines, ‘he radius of the anticyclonic vortex aloft 
(43-16 km) amounts to several thousand kilometers. 

Similar to the gradients the wind is also asymmetrically 
distributed. Highest winds are concentrated in the right 
quadrant of the storm (looking downstream), 

E. S. Jordan has computed a mean picture of the circula- 
tion pattorn at different heights, based on about 130 wind 
reports reaching at least 10 km. As data within 2° latitude 
from the storm centers were very scarce, the zone of strong- 
est surface pressure fall, wind, and precipitation remained 
unexplored aloft, He plotted the fields of tangential wind 
component at different heights over the tropical cyclone 
(Fig. 6.5). The center circles represent the unexplored. areas. 
A plus sign signifies counterclockwise rotation, a minus 
sign clockwise. It is seen that the wind is asymmetrically 
distributed in the horizontal and that the positive tangential 
componont decreases with height. A zero line separating 
counterclockwise- and clockwise-rotating winds (zero iso- 


Fig. 6.5 Tangential velocity (knots) (after 


Jordan) 


tach) appears in the outer portion of the circulation, Still 
higher this zero line is contracting toward the center. Inside, 
the strength of the cyclonic circulation continues to weaken 
upward sloadily, Outside, speeds in the ring of air rotating 
anticyclonically gradually increase with height. 

The field of the radial component could be ascertained 
with some certainty only at the lowest and highest levels 
(Fig. 6.6). Through the deep layer from 3 to 10 km redial 
speeds are small and vacillate between inflow and outilow. 


11-05 732 


102, _Ch, 6 Propical Cyclones 


6.8 Stracture of Tropical Cyclones 163 


Fig. 6.6 Radial velocity (knots) (after B.$. Jordan) 


Radial speeds might be very small in this layer and could 


hardly be measured, yet thoy are highly probable to play an | 


important part in the development of tropical cyclones. At 
low levels the radial component is inward, above 10 km 


height it is outward. This distribution makes fair the con- / 


clusion made by Riehl that ‘all major inflow is confined to 
the low troposphere, all outilow to the high troposphere’. 
Figuro 6.6 demonstrates that the net inflow at 2.3 km height 
is highly insignificant. The major inflow might be confined 
in the lowest kilometer of the atmosphere. At 15 km height 
pronounced outilow is centered along the direction of mo- 
tion. 

Temperature. As would be recalled, the tropical cyclones 
attaining hurricane force have a warm core. Within the 
storms, temperature gradients at the surface are very small. 
According to Riehl, potential temperature of the surface 
air increases along the inward trajectories. In other words, 
the surface air gains in heat content during its travel 
toward lower pressure, acquiring both latent and sensible 
heat. 

‘A source for the heat and moisture increment is obviou 
‘The ocean is greatly agitated, and large amounts of water are 
thrown into the air in the form of spray. It is hard to say 
where the ocean ends and where the atmosphere bogins! 
As the air moves toward lower prossure and begins to expand 
adiabatically, the temperature difference between ocean and 


air suddenly increases. Since the surface of contact between 
air and water increases Lo many times the horizontal aroa 
of tho storm, rapid transfer of sensible and latent heat from 
ocoan to air is made possible. In the outskirts the turmoil 
is less and the process of heat transfer is not operative. Yet 
the tomperature gradients at the surfaco are very small. 

Between 3 and 13 km levels temperature in the center of 
a storm is exceedingly higher than in the surrounding areas. 
In some recordings the temperature in the warm core was 
5-45 °C above the temperature at 150 km distance. Greatest 
temperature gradients have been observed at the outside 
boundary of the warm core. 

Cloud system of tropical storms. Although thick cloudiness 
develops over tropical cyclones, in the center of the cloud 
systom gonerally there is a cloudless spot known as the eye 
oj the storm (Fig. 6.7). However, the eye is not totally devoid 
of clouds, Surveillance flights often find there different decks 
of cloudiness, Comparing to the surrounding areas, though, 
this cloudiness is much inferior. 

‘The eye area is encircled by a cloud wall of high vertical 
extent (often they are 15 km tall). Generally this wall con- 
sists of cumulonimbus clouds merged into bands which spiral 
toward the center of the storm and converge at the wall. It 
is at this boundary that tho clouds are deepest and accom- 
panied by strongest squalls. ‘The cloud bands in a well-do 
yoloped cyclone can be 300-400 km long, in the average, and 
in somo cases even 900 km long. The shortest band can be 
about 50 km. A cyclone may have several of them. In some 
cases the count was seven. 

‘Rainjall, Rainfall reports during a cyclone passage are 
rather nonuniform. The scattering is due to great difficul. 
ties encountered in measuring rainfall in stormy weathe 
The wind drives the rain horizontally and picks up water 
already fallen to the ground, filling the rain gauge on the 
ground with driven rain and surface basins water. When 
measuring on ships, rainfall is admixed by a large portion of 
sea splash. Since most records stem from tropical islands, 
usually mountainous, reports of rainfall amount and distri- 
bution vary widely. 

Tho average rainfall in passing one tropical storm amounts 
to fairly common 500 mm. Yet it can be as extreme as 
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Fig. 6.7 Satellite image of the tropical eyclone observed on August 
2681978 in'the South fiaie 7 nae 
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2500 mm, three to four times the average annual precipita- 
lion at most cities of Une temperate zone. 

Tiohl has suggested a method to compute the rainfall in a 
tropical storm as solution of continuity problem for moi: 
lure. ‘The rainfall (minus the evaporation) within a circlo 
of spocified radius must equal the difference between inward 
and outward transport of moisture across this circle. Since 
the outflow takes place in the high troposphere, where the 
moisture content of the air is less than 10 per cent that in 
ihe subcloud layor, we can neglect it for an order of magni- 
{ude computation. ‘The inflow of moisture across the cirele of 
radius r is oqual to the cireumferenco of the circle 2ur 
multiplied by the mean specific humidity @ of the inflow and 
the mags lux v,pp/g across tho circle. ‘This product must de 
equal lo n7?, the area within the cizclo, multipliod by FR, 
the rainfall per unit area and time. Thus 


Calculation with this formula gives results close to ob- 
servations. Tt must be noted, however, that this formula as- 
sumes a symmetrically distributed rainfall about the center 
of a cyclone, actually by far nonsymmotrical, ‘To the right 
from the direction of motion the precipitation area is larger 

nd the rainfall more intense than to the left where the p 
cipitation area abruptly fades already at a distance of 60- 
70 km from the center. 

‘As tropical storms recurve toward higher latitudes, the 
precipitation pattern can change abruptly and unpredict- 
ably. 

Characteristics of the eye. The eye of the hurricane is one of 
the oddest phenomena in meteorology, striking by the 
features of ity development and behaviour. Precipitation 
ceases abruptly at the houndary of well-developed eyes; the 
sky partly clears; and tho wind subsides appreciably, at 
Limes to a dead calm. Observers have described conditions in 
the oye as oppressive due lo a psychological reaction of an 
cyewitness on the rapid transition from hurricane winds and 
torrential rain to a relative calm. 

‘Although it is usually described as cixeular, the eye some- 
times becomes elongated; sometimes it is diffuse with a 
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double structured appearance. An eye does not remain in 
steady state bub is constantly undergoing formation. 


Inside the eye, the surface temperature of the air does not 


al cross-section through a tropical cyclone | 


differ from that of the outside. With rising height the tom- © 


peraturo inside the eye first increases and th y OX- 
coeds that of the surroundings. ‘The Mane ornare 
difference (16 to 18°C) is usually obsorved at 2-6 km alti- 
tudes. Maximal horizontal gradients are noted at the boundary 
of the eye. High temperature inside the eye can be traced to 
descending motions of air in the core of a storm (Fig. 6.8) 
Generally the prossuro field in the eye is distributed uni- 
formly. On a barograph trace the eye appears as a generally 
flat area with only small deviations. Sometimes the harome- 
ter drops a little from the edgos to the center of the oyo. 
The size of the eyo depends on a numbor of factors. Since 
the air moves curvilinearly in a cyclone it undergoes action 
of centrifugal force. The force rises to the center with increas- 
ing curvature of the motion. Finally, at some distance from 
tho center, call it a critical distance, the centrifugal force 
inreases fo much as to prevent any further advance of air 
parcels inward. We can estin is distance 
perselerivnnd Weis estimate this distance from tho gra- 


ye 
Pp 


Fy 


vy in 


where V is the wind speed iu the cy i i 
5 yolone, ris the radius of 
curvature, and F is the force of friction. " 


Caloulations with this formula give too large values for 
fen This may be explained by the fact that somo parcels 
Of the airacquiring large velocities become capable of pas 
sing the margin where the centrifugal force must be balanced 
by the sum of the Coriolis force, pressure gradient and 
friction force. Beyond the boundary the parcel still conti- 
mues to work against the centrifugal force so that it dimin- 
ishes and drops out entirely at some distance from the center- 

In mature storms the diameter of the oye averages 20- 
95 km, less in immature storms. It may attain 60-70 km 
in lange hurricanes and typhoons. In some cases the average 
diameter of the eye reached even 300 km. A substantial in- 
creaso in the diameter of eye commonly indicates that the 
cyclone loses its intensity. However it is not always possi 
Die to measure tho size of the eye in a dying storm as its edges 
become very diffuse and the shape fairly uncertain. 

Tn immature storms the eye may be absont. So in the tro- 
pieal hurricanes having a pressure in the center above 
99% mb the eye fails to be evaluated. 

Energy aspects. According to several order-of-magaitude 
calculations tho energy release rate in a cyclone averages to 
5 x 40! J a day. On the atomic bomb s ale it amounts to 
half a million of explosions of 10% J each. 

‘As D. V. Nalivkin noted, ‘an atomic test ab the Bikini 
uplifted in the air 10 thousand tons of water, yet 250 times 
as largo rain downpoured Puerto-Rico only in several hurri- 
cane hours’. ‘The kinetic energy of such a medium scale 
tropical storm is equivalent to 1000 atomic explosions. 


6.4 Relation Between Lowest Pressure 
and Highest Wind in Storms 


The wind speed at any point of a tropical storm 
is defined by the press gradient and the distance of the 
point from the center of the cyclone. With pressure gradients 
equal, wind is the stronger the farther is the point from the 
center of a cyclone. A cyclone has finite dimensions: pr 
sure gradient inside tho no first inereases with the di 
nee from the center, attains a maximum and then decreases. 
Therefore every tropical storm exhibits the so-called 
ring of maximal wind spood (soe Sec. 6.3). Tf the ring is suf- 
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ficiently narrow it is also termed the circle of highost wind. 
‘The speod of the highest wind depends beside the pressure 
gradient on the radius of the circle. 

py evaluation of pressure gradient inside the tropical 


storm cannot always be done. Approximately it can be esti- 


mated as the difference between the 
and in the center, po, of the cyclon 


ssure outside, pi, 


q 


Tf we assume that the | 


outside prossuro is constant, as it is customarily done in” 
numerous studies, and equal to some value close to standard — 


1010 mb, then the gradiont will dopond 
With the dimen- 
is tho lowest: pres- 
uro gradient, and 


prossure, say py 
solely on pressure in the center of cyclon 
sions of the eyclone unchanged, the low 
sure in the cyclone the greater is the pre 
hence, the stronger is the highest wind 

An oarliest objective of meteorology is to relate the lowest 
pressure and highest wind in the tropical storm. K. ‘Taka- 
hashi of Japan suggested in 1939 that this relationship should 
bo songht in the following form 


Vin = K (D4 — Do)* (6.4.1) 


whore Viq is the maximum wind speed, p, is the pressure at 
the outside, py is the pressure in the center of a cyclone, and 
K and a are some ompirically de constants. 

Tn 1950s, a moro accurate form of the above relation was 
suggested by way of converting K into a variable K = Ky 
— p/5, where q is the latitude. ‘The resulted expression is 


Vin = (Ki— @l5) (Pi Py)" (6.4.2) 


‘Tho search for the constants by different investigators has 
produced results which are far from unanimous. A sories of 
corrections having done in the early 60s and having allowed 
for reconnaissance flights data on tropical cyclones, the for- 
mula (6.4.2) acquired finally the appropriate constants so 
that now it is written as 


Vn = (20— 


) (1010 — pro)!” 


(6.4.3) 
or 
Vin = (19 — 9/5) (364 — hryo9/8.54)!/” (6.4.4) 


Here fizo9 is the lowest height of the 700-mb surface over the 
conter of cyclone. In (6.4.3) pressure at the outside is as- 


sumed equal to 1010 mb, and in (6.4.4) the height of the 
700-mb surface at the outor side of the cyclone is assumed 
364 dam. Both formulas yield wind speed in knots. 

To compute the highest speed of wind in the tropi al cy- 
clonesat the northwest Pacific at 15-18" latitudes G. 1), Atkin- 
sonand C. R. Holliday derived another type-(6.4.1) expression 


(6.4.5) 


=6.7 (LOL0— po) 


ize that the formula (6.4.5) yields the averaged 
maximum speed (over 1 minute intervals) rathor than the in- 
slantancous speod (wind gust). When the cyclone shifts to 
20° latitude and higher poleward the recommendation is to 
ineroase the speed by 10 knots, Another recommendation is 
to assume the outside pressure equal to 1020 rather than 
{010 mb in the Atlantic. 
With some assumptiol 

sure fields in a tropic 
ly. Wo start with the gradiont 


Vin 


‘They emp! 


plationship of wind and pres- 
y be approached theoretical- 
wind approximation 


In the free atmosphore where the motion is supposed vo be 
along the isobars, and at r< 7p, that is within the core ofan 
isolated vortex where the fluid rotates as a solid body, the 
tangential speed varies linearly with r so that V = or. 
where © is the angular speed of air in the cyclone. Tence, 


(6.4.6) 


Upon integration first from r to ry and from p to p’ and then 
from r, to rq and from p, to p’ (the partition is because at 
i> ry V = er") and alter some rearrangement we got an 
expres n for tho pressure at the center of a tropical cy- 
clone, po, Where r = 0: 


pore ( r% 


pjorgtt 


(n= 4) yt 


P= Pi 
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Denoting & = rofry and recalling that Vy = ary we have 
after some rearrangement 
V2.4 fryDVy—A AP. — 9) (6.4.8) 


where cs 


oe (nf Bent 
A=2 (1-H, D= eT ay 


Solving (6.4.8) for Vy yields 
Vpy=—Qyrpd | 1/1 
ToD [A VY t+ pAGEr sD! 
‘Tho sign of the radical is choson so that as Q, = sin p= 
= 2» 0, Vm should be positive. pee 
Tho ordor-cf-magnitude estimation for the terms in 
(6.4.9) indicates that the unity under the radieal may be ne- 


glectod in comparison with the other addend, Consequentl: 
(6.4.9) turns to sae 


ee 


(6.4.9) 


(6.4.10) 


Tho variable n in (6.4.7) according to available data may 
yary from 0.5 to 1.0. We discuss the simplest case with 
n= 1. Along the above lines we get 


10, (1—-21n 8) 


(6.4.41) 


Since the socond term under the radical is excoedingly larg- 
or than unity (it may range anywhere betwoon 10 and 
200) we may write approximately 
74, (4—21n ik) , 

( day 


(iat) 


Yao = 


(6.4.42) 


Analysis of observations employed to check the derived 
relations has indicated that with 60 per cent of data the 
quantity oe is below 0.14. So it would be safe to assume 

at not infrequently a reliable approximation will be sup- 
plied by the simplified formula , 


Va= nae zlnd gs V 


Pe (6.4.43) 


in 
© BR gins? 
: Sioa 


Pig, 6.9 Nemograph, to define the highest wind Voy 2s a fanetion of 
pressure difference (py — po), between pressure at the outskirts, pis 
had in the center, py of a topical cyclone, and term A 


which as Q, > 0 assumes a still more simple form of 


r 
vn V2 


Instead of computing along the lines of the expression 
(6.4.43) ono may estimate V,, by tho nomograph of 
Fig. 6.9. ‘The nomograph makes more illustrative the fact that 
the relative contribution of the first term AM = Qyr9 (t — 
<2 In KY reduces as the term (p, — po)/p increases. Ac- 
count of M reduces Vp, not more than by 15 m s-". 

Most difficult is the derivation of ro. Basing on measuro- 
ments, we may assume that 7) approximately corresponds 
to the radius of the dense cloud circle so as to derive it from 
satellite photographs. In storms of various maturity (over 
different regions) ry varies between 25 aud 150 km. Acsord- 
ing to some estimates, the vorticity, on the 900-mb surface, 
changes sign at a distance of 350-500 miles (650-920 km) 
from the centor. ‘Theso values ray, perhaps, bo thought of 
as estimates for ry. At radii around 180 miles (330 km) posi- 
live vorticity remains markedly strong (about 4.5 < 10° to 
95 % 10-9 6!) and this area to a certain approximation 
may be considered as Lhe core of vortex, ry. Gonstdering a 
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Fig. 6.10 Observed, Vy, aud calculated, Ye, maximum wind spee 
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slight effect of the term 7, the uncertainty in defining the 
values of ry andr, has only a little influence on the results 
of computations. ‘This is especially so because rg and ry 
come into the computational expression as a logarithmic 
ratio so that the uncertainty in ry is compensated, as it were. 
Numerical estimates indicate that in the latitude belt of 
15-40° with r, = 400-600 km a possible two-fold exaggera- 
tion in ry brings about the respective underestimation in 
Vy by 15-30 ms“. 

“fhe observed and. computed maximal winds are plotted 
in Fig, 6.40. It is seen that calculations with (6.4.11) and 
(6.4.12) yield. practically coinciding results, so they are 
fitted with a single (dashed) line, while the caleulation with 
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Fig. 6.11 Ratio Vp'¥e as a fuction of Ve 


the simplified expression (6.4.13) are RMS fitted by the solid 
line. ‘Lhe deviation of the maximum specds computed with 
the complete, or approximate, expression, Vy,,, rom those 
computed with the simplified oxprossion, Viy2, can with 
sufliciont accuracy be described (measuring in m s~) as 


Vin = Vine — 3:0 


Figure 6.11 depicts the relative variation of the observed 
and computed wind speeds with respect to the computed 
speed. For the complete and approximate expressions it 
ranges from 0.650 to 0.775, for the simplified formula from 
0.7 to 0.9. Tf the computed wind is considered as a wind at 
the top of the boundary layer, and the observed wind as a 
wind at the earth surface, then both the above estimates and 
the character of the dependence of Voi V7. agree with the esti- 
males obtained by L. Golodko and V. Radikevich with a 
model of the planetary boundary layer. In the Takahashi 
model, the computed and observed winds also ex ibit_ a 
systematical deviation, At about the same deviation of the 
mean as in Fig, 6.10 the ratio Vo/V_ amounts to 0.77. 
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Computations have been performed for n = 0.5 as well. 
Figure 6.12 illustrates the plots of probability density and 
cumulative distribution functions for the frequency of the 
difference AV, = Vint ~ Vino.g computed between the 
highest speed atm = 1, Vig, and that ab w= 0.5, Vino.s It 
is readily soen that tho maximum frequency falls to 2-3 m s~* 
and the probability that AV,, will fall within 3 ms is 
65%, i.c. with this probability the quantity AV, will be 
within the accuracy margin when wind speed is measurod 
in stormy conditions. Howover, in view of the uncertainty 
in selecting n, the consideration for x = 1 may not be dis- 
carded as out of place. 

Analysis of computational results gives evidence that 
AV,» depends on Q,ry only slightly and is mainly doter- 
mined by (p; ~ po)/pand k (AV m increases proportionally as 
the former and inversely as the latter). Since AV, is always 
negative it assumes the character of systematic error. The 
most probable value for the error is 2.9 m st, therefore for 
practical purpose the values of maximum wind speed de- 
duced by (6.4.41) should bo reduced by 2.5 m s~ 

The model discussed enables us to estimate with a suffici- 
ont reliability the maximal wind (at the top of the planetary 
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boundary layer) in the tropical storms. Its major advantage 
over the empirical relationships consists in ils wider range 
of application which makes it more porspective. 


6.5 Forecasting the Movement 
of Tropical Cyclones 


It has long been noted that in many areas the 
tropical cyclones first move from east to west with some, at 
times significant, component directed poleward. Having 
arrived at the latitudes where westerly currents prevail 
the storms turn to the cast, Not all the tropical storms 
reach the areas of the westerlies. Many of them, having 
moved inland of a continent become filled and it occurs 
earlier than thoy are catched by the westerlios. 

In various areas of the tropics cyclones move oxhibit- 
ing some local features which are well known and 
allowed for when attempting a forecast. For example, the 
typhoons that are formed near the Philippines often re- 
curve from thoir model path, from east to west, toward the 
north and northeast. Occasionally, they cross the East China 
Sea and strike Japan and Soviet Far Kast and even penet- 
rate farther north to tho Sea of Okhotsk and the Kamehatka. 
When they travel along the model route, under their influence 
come South China and the Indochina. In the early summer 
(Juno) and in autumn (October) the typhoons traverse south 
of Japan, and in the period from July to September they 
‘often recurve into higher latitudes. 

Other areas also evidence deviations of the main (wost- 
ward) travel of cyclones, but these deviations are developed 
far woaker. Everywhere, though, a tendency is observed to 
deviate from the main course. 

Gyclones mainly move on curvilinear tracks. Roughly 
tho curvature may be divided into hyperbolic and parabo- 
lic. Howover, all attempts to fit the tracks of the storms 
with these curves have fallen flat. The reason is in 
that a cyclono track may experience an unexpected 
change and become essentially abnormal; such tracks can 
exhibit even loops. 

"The average velocity of a tropical cyclone amounts to 
about 20 km per hour. However, as soon as a cyclone passes 
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tho inflection point (recurvature) on its path it accelerates 
to 30-40 km per hour. 

AL present the travel of tropical 
be tracked by satellites and r 
not imply forecasting of their further movement. Numerous 
attempts have been made at the development of a reliable 
prognosis of tropical storm path. Each next yoar has those 
methods more accurate and versatile, yet so far they sufler 
from a wealth of unsolved problems. 


orms can rather eusily 


‘The development of storm movement prognosis may be | 


traced as far back as 1398 when a common extrapolation was 
fivs appliod for this purpose. By 1919 the researchers con- 
cluded that the cyclones tend to travel in a stecring current 
around more substantial pressure systems. In 1924 tho ac- 
cumulated data on tropical storm e resolved into the 
charted hurricane tracks on a monthly basis. ‘These historic 
charts facilitate cyelone path forecasting from tho climatic 
angle, 


x 


In 1935 a technique was worked out to evaluate a steering | 


current (field of translation) by wind data aloft in two points 
symmetrically chosen on both sides of the storm center. 
This technique initiated a series of attempts based on the 
stool layer concept. 

Riehl was the first who attempted at an objective fore- 
casting of storm movement still in {950. Subsequently his 
mothod has been somewhat, modernized. At present trop- 
ical cyclone forecasting is performed on high-speed compu- 
ters involving both synoptic and climatic data, though cli- 
matic prognosis also exists. 

Developing a mothod of hurricane prognosis each inves 
gator first of all has tried to elucidate the causes that con- 
ircl hurricane movements. 


Driving forces of tropical cyclones 

B. 8. Jordan experimentally proved in 1952 that the hur- 
ricane moves in the direction and with the speed of the steer- 
ing current which is defined as the pressure-weighted mean 
flow from the surface to 300 mb in the band 2~4° latitude from 
tho center of the cyclone. J.E. Miller in 1958 found that 
cyclones move as the mean current in the layer from 6 to 
12.5 km altitade in the band 2-4° latitude from the contor. 


dars. However, tracking does - 
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Two forces are believed to be the main causes controlling 
the movement of a cyclone. According to C. Rossby one of 
them is due to the change of the Coriolis parameter on the 
southern and northern slopes of cyclones. This force is di- 
rected poloward and is strongest in large intensely develop- 
ing cyclones. Tho second force appears because the stream 
produced by a vortex superimposed on a steoring current is 
nonlinear, This force makes a cyclone move along trahoidal 
path shapes, common for many tropical storms. 

Numerous experiments with dynamic multilevel models 
having been built for the last 15 yoars indicated the cyclones 
travel as influenced by tho integral flow of the whole bulk of 
the troposphere and that the steoring current changes itself 
upon interaction with the winds of vortex so that the result- 
ed path of the eyclone is controlled also by interaction be- 
twoon vortex and steoring circulations rather than by the 
steering current alone. For the forecasts in the range 12-36 
hours Uhe component of the steering layer may be deemed as 
boing 4 to 10 times stronger than the component resulted 
from the interaction between vortices. 


Subjective forecasting 


First prognoses of tropical hurricane movement were 
based on account of clouds and sea swells movement ahead of 
the storm. When the horizon of aerological data widened 
and synoptic and constant-prossure charts appeared, in an 
elfort to improve forecasts of hurricano motion many schemes 
have been advanced. For instance, a hypothesis has been 
suggested that cyclones move passing around a closest larg- 
er in size anticyclone. Other hypotheses were that cyclones 
move along tongues of warm air, in the middle and upper 
troposphore, or in the direction of steering current (wind at 
some level or layer). In difierent countries different fore- 
casting techniques were suggested. Unfortunately, the quali- 
tative techniques have not always yielded reliable results. 
‘This fact prompted meteorologists to search for new objec- 
tive methods of storm movement forecasting. 


Simple objective forecasting techniques 


_ The simplest objective forecasting can bo performed by 
just extrapolating a cyclone path. With the set of precise 
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(hr data for the previous 24 hours a formal extrapolation 
of cyclone path may not he inferior to the most skilled foxe- 
casting techniques, The highest precision has been gained 
in oxtrapolatively forecas 


not be applied when a cyclone exercises loops and humps on 
its travel. 


The past tracks of tropical storms have been charted to 


ng cyclone paths in the westward ~ 
direction in low latitudes. ‘The formal extrapolating should * 


form a base of climatological prognoses. It is essentially an” 


assumption Uhat a cyclone will move in the same manner (in 
the samo direction and with the same speed) as the cyclone 
that was observed in the very place and month earlier. Since 
in some areas cyclones tel to move aloug a modal path 
the climatological forecasting often produces good results, 
‘This way of prognosis has an obvious advantage over extra- 
polation—the forecaster need not know a precise previous 
position of the storm. Practically, forecasters often employ 
various mixed combinations of extrapolation and climato- 
logical technique. 


Sophisticated objective forecasting techniques 


In 1950, Riehl and coworkers advanced a method of fore 
casting which uses historic data in setting up a diurnal for 
cast rogression oquation, ‘The equation was to yield the pro. 
ected meridional and zonal components of tropical cyclone 
motion basing on the respective wind components at 500 mb. 
‘The wind coimpouents were measured in the points of the 
grid extonded 7.5° longitude both to the west and to the east, 
FP to the south and 5-10° latitude o the north from the cen- 
tor of a cyclone. Subsequently this method has undergone 
numorous improvements. The latest and most sophisticated 
modification’ indexed NC-73 was suggested in 1973. The 
mothod is a combination of formerly knowa techniques and 
differs in a large amount of data required 

In 1963 in Honkong the so-called control point technique 
was first verified. It is based on a good correlation between 
wind direction in some points aloft over a cyclone and the 
movemont of its center. The method has been verified for 
six years to yield positive results. 

‘An especial emphasis in the development of this method 
has been placed on careful drawing thé tracks of studied 
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storms. From the latest point of a track perpendicular was 
Set to the right, looking downstream; in six points on this 
perpondicular, spaced at 1° latitude Irom 3° to 8° (see Fig. 
6.18), the deviations of wind direction were measured from 
the 24-hr direction of the cyclone. For typhoons, the smal- 
lest deviation was found at 5° point, Ps, of the 500-mb sur- 
face, For less intense. cyclones, as the most attractive is 
recognized point P, at the same surface. These points were 
labelled the control points. ‘This procedure was performed 
on 230 cyclonic movements with storms of various in- 
tonsity, including mature and immature typhoons. 

With this technique, to effect prognosis.of a cyclone it is 
sufficed to reliably determine the direction of wind in the 
control point. This direction indicates where the eyclone 
is intended to move in the next 24 hours. 

The speed of a cyclone was computed as a half sum of the 
mean speed of cyclones having passed in this area in this 
month (climatic speed) and the speed of a studied cyclone, 
for the last 12-24 hours. 

‘The reference point method is fairly simple and does not 
require data from over the center of a storm. 

In 1968, R. J. Renard suggested another advanced method 
of prognosis based on the steering current concept. It uses 
charts of mean flow compiled by numerical methods. During 
12-24 hours prior to time zero the cyclone movement ismon- 
jtored in an attempt to evaluate deviation from the mean 
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stream. 
cast as a correction. 


Verification of tropical storm forecasts indicate that the ; 


mean error of diurnal forecast varios between 160 and 
170 km in low latitudes, 
tudes. [vis found that various mothods markedly differ in 
skill when forecasting in the identical synoptic situations 
In low latitudes best results have boon obtained with statis- 
tical prognosis, in higher latitudes with climatic prognosis. 
Forecasting with dynamie models so far has been far from 
ideal evon though some results have been fairly promising. 


6.6 Analysis and Prediction of Storm 
Intensity on Safellite Data 


Surveillance of tropical storms by meteorology 
cal satellites provides valuable information about their 
movement and intensiby. From satellite photographs mebeo- 
rologists evaluate the stage of maturity of a cyclone and its 
intensity—all from the clues that give the cloud system of 
cyclones. We shall Jollow the cloud systems of various life 
cycle stages using data compiled by L.3. Minina. 

In the formative (disturbance) stage of cyclones develop- 
ment, satollite pictures exhibit disorderly scattored cu- 
muloformi, stratus and cirrus clouds. Gradually the amount 
of clouds increases along with Uheir depth, and cloud bands 
form, However, at this stage the bands exhibit disruptions, 
humps, deflections and other nonuniformitios. The whole 
cloud system has an irregular shape and is unsymmetrically 
placed with respect to the center of forming cyclone. 

‘At the stage of cyclonic vortex, represented on the chart 
by one or two closed isobars, the cloud field on satellite 
photographs looks as an enlarged comma turned eastward 
with its convex part. ‘Tho cloudiness becomes more dense, 
the amount of gaps decreases. 

When cyclonic vortox attains the maturity of intense trop- 
ical storm, satellite pictures portray a moro wide, thick 
and ordered cloud field. A bright, clear-cut band of conveo- 


his deviation, if found, is introduced in the fore- | 


ng to 300 km in higher lati- - 


Live clouds appears. Most often this cloud band looks as a turn 
of the helix. A central cloud system hegins forming; this 
system is overlaid by a cirrus deck which may oovor tho eye 
of storm already formed by this moment. 

P Tfa nature cyclone builds up into a hurricane the cloud 
system becomes even more dense and oxtended, Cloud bands 
concentrate around the center of the cyclonic cireulation. 
Spiralling outward from the conter field, these bands can be 
100-200 km wide and up to 900 kan long. They aro oriented 
in accordance with the direction of wind in the cyclone. Clus- 
tors of cumuloformi are evident on the edge of the cloud 
field, At this stage, most pronounced are cirrus clouds and 
their structure is more distinct. Separate hands of cirrus. 
clouds indicate spreading of the air in upper layers above the 
storm, Black spot of tho oye is, as arule, clearly distinetive on 
the background of the white cloudiness 

Tarly stages of filling a eyclono can be evaluated on satel, 
lite photographs by an oval shape of the cloud system and 
ils diffuse odgos. In the process of further disintegration the 
cloud system breaks into separate spots. Cirrus cloudines 
disperses. So far as the cyclone remains sufficiently in- 
tense the eye is evident, When the oye acquires double struc- 
turo, its walls become difiuse, or the eye disappears at all, 
the cyclone can be deomed as filled. 

From the characteristic pattern of cloud systoms in various 
stages of life cycle of cyclones in the Pacific a technique 
designed to forecast their evolution has beon developed. An 
image from a satellite photograph is compared with the 
set of easily discernible cloud patterns describing various 
stages of cyclone development and decay. The procedure 
envisages five soquential stages of comparison. 

Stage one. Evolution of a cyclone is estimated from the 
moment of previous observation. The procedure does not 
specify any time interval between observations, yet the 
collectod experience indicates that material changes in ey- 
clonic image may be evaluated in 12-16 hours. Therefore the 
cyolution is estimated by comparing the latest picture 
with one of the previous shots made at least 12 hours ago. 
The results of the comparison undergo coding. Developing 
disturbance is coded by the letter D, weakening ono by W, 
and that remaining in steady stato by S. To make’a dee! 
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on. tho enrront changes of a cyclone the following sets of 
signs are employed. 


Signs of developing disturbance (cyclone) 


4. The eye is well seen: 

(a) the oye becomes more distinet, enlarged, and the clouds 
around the center gain in density; 

(b) the most dense clouds, contract to the center of cyclone. 

2. Tho oyo is out of sight, the center of cyclone is covered 
by dense loud. canopy: 

(a) the center dense cloud cover (DC) has changed. i 
shape from an irregular outline to a polygon, or from a poly- 
gonal to an oval or round’shape; i 
2 (b) the DC does, not, change in shape, but is enlarged tik 
area. 

3. An -overeast: cloud canopy, is observed cousisting of 
quasi-circular band: 

(a) the bands around’ the ‘center part of cyclone widened; 


(b) the bands remain in their provious width yet changy » 


their,cnrvatare becoming closer Lo a circular shape. 
Signs of weakening disturbance (cyclone) 


4. The oye is woll seen: 

(a) tho oyo becomes less distinctive, the clouds in the eve 
wall become less donse 

(b) the donse clouds spread farther from the center. 


2. The eye is out of sight, the center of the storm is co- J 


vered by a dense cloud canopy: 

(a) the DC outlines appear more diffuse did aro changing to 
irregular shape; 

(b}. the area, of the DC contracted. . 

3. An overcast cloud canopy is. observed consisting of 
quasi-cirewlar bands: 

(a) the bands around the center part of the storm narrowed; 

(b) the cloud bands assumed an irregular (noneirculary 
shape. 


Signs of stable disturbance (cyclone) 


When satellite pictures do not reveal nny material changes 
then the disturbance is concluded, to remain in ils previ 
‘ous state, ‘ 


Stage two. From the structure of the cloudiness portrayed 
on a'satellite image il is decided what state the cyclone as 
sumes at a given moment. The cloudiness appearance, how- 
over, not always gives the clues on the intensity of the ey- 
clone in goneral, since the intensity depends also on the wind 
speed (see Stage three). 

Evaluation of a state of cyclone is the most complicated 
operation involving certain subjective shadow. 

The code employed in tho model envisages the following 
conventional notation to denote the slates of a cyclone. A 
shortly formed and only slightly discernible disturbance is 
assigned the number 7 ~ 4, a large mature hurricane is as~ 
signed the other extreme value 7 — 8, intormodiate states 
are coded by tho numbers from 3 to 7. In some situations 
fractional numbers (7= 1.5 or T -- 2.5, ote.) are used. Eval- 
uation of f° requires certain experience and necessitates 
continuous racking of the cyclone. 

Ata first evaluation of a cyclone the value of T is found 
as the sum 


T=C+B 
whore C is the number characterizing the cloudiness in the 
Central area of a cyclone; 2 is the number characterizing the; 
cloud bands. 

To facilitate assessment of the number C the diagram of 
Fig. 6.14 is recommended, which considers the presence or 
absonce of a dense cloud cover in the central part of a distur- 
bance (DCO), its size and shape, size and shape of the oye, 
and the structure of cirrus and convective cloudiness at the 
center of disturbance, Working with the diagram, the analyst 
should take into account the follow 

1, The DCC is a dense overcast cloudiness, well developot 
in the vertical and covering the central area of the distur- 
hance, or encircling the eye of the storm. A shape of DCC 
gives eluos to estimate the state of the disturbance when the 
Gyo is cither out of sight at all, or hardly distinctive. In 
deepening storms the shape of DCC changes from irrogular 
to oval or from oval to round (Fig. 6.15). 

2. To estimate the staie of a disturbance when the eye of 
the storm is out of sight, or is seen yet not discernible 
enough, it will be of value to know the size of DCC in degrees 
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Fig. 6.1% Defining Gnumber which characterizes the cloudiness in 
the center of cyclone; DCC—dense cloud cover in the central area; 
ES—the eye of storm, 


Jatilude. ‘The dimensions of other cloud characteristics aro 
also determined in latitudinal degrees. 

3. The boundary of DCC has clear-cut edges when the storm 
is deepening. Closor to maturity the boundary generally 
changes from destructive to more continuous. As soon as the 
dovelopment ceases, the boundary becomes diffuse and poor- 
ly discernible. 

4. Tf DCC is absent then the size of eye is estimated by a 
circular gap in the cloudiness defined with the cloud bands 
around this freo ring (Fig. 6.16). 

5. Development of a disturbance can he traced through 
changes, in the cloud pattern either as a combination of 


(a) 


@) 
Fig. 6.16 State of disturbance prior to (@ and 4) and during (¢ and a) 
the formation of the eye 


convective cloud bands (inflow of air inside the cycloue) or 
#8 a field of cirrus clouds (outflow of air from the cyclone) 
and presence of a DCG. In the eizeumstances two cases are 
possible. 

Case 1. A curvilinear band of convective clouds is seen 
around the central part of disturbance covered by an over- 
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cast cloud canopy. If the canopy consists of a cirrus clouds 

massive > 3° in diamoter, then it;implios that the current, (a) (6) 
aloft is woak or’ anticyclonic one and conditions are present ee 


for the cyclone to deepen. If the cirrus clouds ovor the cen= 
tral part arrange in an clongated pattern, thus indicating a 
streamlined flow in one direction, it signifies that no condi+ 
Lions exist for the cyclone to develop. { 

‘Case 2. When a photograph displays a convective cloudi 
hess arranged in bands and implying a well-developed, 
inflow, the elongation of cirrus cloudiness clustered in strocts, 
At the center may be discarded. Appearance of dense cloud 
cover near the center of the storm and increasing in.sizo Lo 
About 1° latitude or more indicates favourable conditions 
for development of the cyclone. 

Having obtained the number C, the analyst may proceed 
to ovaluating the number B: 

The index B is rolated to the amount of dense continuous 
cloudiness represented on a satellite picture as a band grad- 
nally etirving around the central area of the disturbance 
within a radius of 4° latitude from the center. 

'B_— Owhen only afow clouds of quasi-cireular, shape aro 
present around the center of disturbance, or the clouds aro 
absent at_all. 

= 0.5 when a cloud band 0.5 to 1" wide goos round the 
central area of disturbance yot fails to complete the circle 
by a largo are (Wig. 6.17a). 

B= L when the band of clouds having a width about 
0.5° almost Lolally encircles the ‘center area, or when the 
cloud band £.5° wido borders a larger portion of the circle 
around Lhe center area (Fig. 6.175). 

Bo 1-5 when the cloud band about 1° wide completely 
encircles the disturbance center, or when the band of clouds 
{LS wide almost: encircles the contor area (Fig. 6.17¢). 

B =2 when a band of clouds of any width turns a few 
times around the center of disturbance (Fig. 6.17d). 

Asum C + B yields a primary value of 7. ‘In subsequent 
continuous monitoring the distnrbance, orstorm, the variable 
T changes in accordance with varying state of the disiur, 
bance, that is, with the resnlis of Stage one. In the model, 7 
is to vary in the process of reinforcement or decaying a dis. 
jurhanco by 0.5 orf full unit a day, yet it cannot go beyond 


: © 


Bats B=2 


Fig. 6.17 Schematic cloud bands at the center of a eyclone 


8. Whon a disturbance is developing, a primary Tis inere- 
thontod by 0.5 of 1 (depending on how fast the evolution is 
progressing); when a disturbance loses its intensity, 
is subtractod by 0.5 or 1, respectively. The resulted 2 
characterizes the state of eyelone over the current obsery 
tional period. 

“Similar operations are repeated at any next observational 
time until tho eyelone fills up or recuryes into extratropical 
latitudes. A woak point of this stage is in that the analyst 
thas to make a decision judging the évolution of @ cyclone 
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subjectively. However, if data are available about the strong- 
ost wind or lowost pressure in the cyclone, then this subjec- ” 
tive decision may be appropriately corrected (see below). 

Stage three. At this stage the analyst determines a current 
intensity of disturbance (cyclone) and describes it by a 
conventional number J. The variable J is found according to 
tho values of strongest wind in the cyclone, Vinax, and low- 
ost pressure at sea lovel in the contor of cyclone, Pminy 
(Table 6.4) or the value of 7 if the two former variables can- 
not be determined. Accordingly there may be two situations. 


Vable G1 Relation of current intensity, f, strongest wind, 
Vonage amd lowest pressure at sex level, Piyigs In {ropieal storms 


of northern Paeitic 


FP maxe et] mine 1 amet] Panter HD 
1.5 12 5 42 964 
2 15 5.5 43 954 
2.5 18 6 55, 42, 
3 22 BS 74 928 
3.5 26 i 70 94 
4 at 75 9 900 
45 36 8 90 885 


Tn one of them Vyay and Pmin are unknown, ‘The model 
Is dosigned so that when the cyclone is in steady state (S) 
or is developing (D) the cloud field pattern woll correlates 
With Vosax and values of 7 and 7 are identical. Therefore, 
It Slage one results in D or 8 code, F is found as 7 and for 
this value of J the corresponding Vinax and Pmin are Looked 
up in Table 6.1. 

In filling cyclones wind speed markedly decreases in about 
24 hours since the cloud characteristics have dogen- 
erated indicating thus that the disturbance is reducing. 
Honce, a change in 1" will be 0.5 ahead of the corresponding 
change in I. Por example, if 7’ = 6 and tho eyclone is filling 
the current intensity will be I= 6.5. 

On the other side, when Fmnox and Pinin (or at least one of 
them) are known, the number J is looked up in ‘Table 6.4 
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and the found value is used to correct the respective value 
of to make all the further estimations of the slate of cy- 
clone with this corrected value of 7’. 

Stage four. At this stage the trend of cyclonic evolution 
is cvaluatod. Satellite images portray some or other signs 
of deepening or filling of storm. ‘The objective is to evaluate 
from satellite photographs and the set of signs of Table 
§.2 the current behaviour of cyclone: intensifying or weaken- 
ing of the inflow in the lower and the outflow in tho upper 
layers, and ascending motions in the storm. When these 
processes intensify, the cyclone deepens, when they weaken 
tho cyclone fills. The evolution of a cyclone can be decided by 
Lhe integral pattern of the cloud cover. When all the cloud 
cover appears as a comma on a photograph, this implies 
that the cyclone is dooponing. Lf the cloudiness appears as 
a circle, or a shape close to it, the cyclone is recognized as 
filling, To estimate the evolution of a disturbance more ac 
ourately the analyst should employ all the set of sign: 

When the current evolution of a cyclone does not differ 
from the evolution 24, or 42, hours back, the results of Stage 
four may nol be taken into account. When no such cor- 
respondence is in sight, the coding lettors D, 8 and W, i 
the results of Stage one, receive a plus or minus sign. 

Aplus sign isadded when for the latest 24 hours the cyclone 
has weakened or remained unchanged and the latest shot 
delivers signs of its deepening. This sign is also added whoa 
the average development rate of the cyclone for the latest 
48 hours has exceeded the pace of the model, that is the num- 
ber 7 has changed, say increased, by more than 2 units. 

A minus sign is added when the diurnal evolution indi- 
cates astoady stale or deepening, and the latest photograph 
indicates the current weakening, or when the avorago weak- 
oning rate for the latest 48 hours has exceeded the rate of 
the model, that is when the number / has changed, say de- 
creased, for the latest 48 hours more than by 2 units. 

Stage five. The final stage endeavours a prognosis of evo- 
lution of cyclone for the next 24 hours, As the result of the 
four previous stages the forecaster has at hand a condition- 
al characteristic of the cyclone, including indices D, S, 
and IW, the number /, and, at times, additional sigas for the 
indices. Por examplo the code D5.5 indicates that for the 
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‘Table 6.2 Characteristic signs of evolutionary 


cyclones: 


trend in tropical 


Signs indicating 


Process 
reinforcement weakenins 

Inflow at|4, Bands of convective |4, Bands of convective 
low clouds spiral inward pen-| clouds have diffuse edges, 
levels | etrating the contral}, or are undiscernible 

cloud massive at large 

angles 

The outlines of dense)2. Bands are discernible, 
and continuous clouds — they uniformly encirele: | 
are clear-cut and. eon- the contral part of dis- 
trastive turbance: 

Outflow |4. Cirrus clouds make the] 1. Circus clouds have grey 
‘at up- | disturbance image look| ish shade and show a 
per obseure away from the| small antieyelonie cur 
Jovels | center, at least from) — vature . 

threo sides (4 
s clouds seen’ as|2- Cirrus clouds exhibit 
anticyclonically curved| — lear-cui vdges at oneside 
bands of disturbance and dif- 
fuse edges on the oppo- 

site side 

Ascend: |4, Denso elonds in the een-| 4. Sivall amount of cirrus 
ing tral part of disturhance clouds is seen at the 
mo- look bright and reveal] very center of distur: 
tions sharp boundary, at Teast] bance 

in ono quadrant, 2. Dispersed or cell-like 
remnants of formerly 


dense cloudiness are evi- 
dent around the center 


Jast 24 hours the cyclone has deepens 
roveals the signs of its filling; tho current intensity of the 
d to 5.5 conditional units. 
The objective-of the forocast is to predict intensity of a 
‘recast is based on the data of, 


storm amounter 


cyclone in 24 hours, The fe 


ed, but the latest shot’ 


Fable §.3 Modelled variation of intensity in Lropical eyclone 


Yor 24 hours 


code T number 


Current intensily 
4 [As] 2) 2.5/3) 95/41 4.5751 5.576 | 6.5) 


— 


expected intensity in 24 hours, and Table 6.4 displays eor- 
rections to the expected intensity for those codes having a 
plus or minus sign. 

In accordance with Table 
the discussed example must be 6 units. Howover 


6.3 the oxpected intensity in 
the minus 


‘Table 6.4 Corrections to forecasted intensity 


Code 
Correction 


+d 
40.5 


+0, 


441.0) — 


sign’ bounds to introduce a correction of —1.0 from Table 
6.4, Therefore the expected intensity will bo 5 units. 

Prognosing evolution of tropical cyclones on the above 
lines tho forecaster may take into account the signs of espe- 
cially intense hurricanes which are sometimes called super- 
storms, ‘The storms whose intensity is given by the number 
Fequal to 7 or 8 usually form from the disturbances that al- 
so display great intensity (1 = 6). The characteristic fea 
tures of such hurricanes are 

(a) widening of DCC or bands aad increasing their number; 

(b) a band of wide uniform structure which completely 
encircles DGC of round shape, with the eye of regular shape 
and clear-cut outlines in the center; 


2d-hy projected intensity 
D|15)2 3/3574] 4.575 15.5, 6 (6 6.5] 6.5 7.5/8 
sya 4.5) 2) 2.5/3 A| 4.515] 5.5/6 6 7 7.5 
wld 4 1] 4.5) 2 33.5] 4) 4.5) 5 5.5 6.5/7 
the modelled development. of cyclones presented in ‘Tables 
6.3 and 6.4. Pablo 6.3 relates the current intensity with the 
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(©) appearance of the eye, whon inside of one wall of clouds 
another wall may be seen of smaller size and in lower 
levels. 


6.7 Impact of Tropical Storms 


Damaging impact of tropical storms is due to 
winds of hurricane force, hurricane waves, and floodings 
caused by heavy showers. Majority of storms inflict heavy los- 
ses either because of strong wind or because of storm waves. 
However, in mountainous areas damaging effects can be prod- 
uced by powerful surface runofls smashing everything on 
their run down. 

Kinetic energy head of wind rises as square of the wind 
speed. Also it depends on the shape of the obstacle counter- 
acting the stream pressure. 

Intensity of storm waves depends on wind speed, pressure 
gradient, topography of sea bottom, and profile of coast 
line. When a cyclone is rushing inland it piles the waters up 
into huge tides that sweep tho seaboard. A well-developed 
storm can uplift water walls 1.5 to 8 m high, and in narrow 


p,m 


aye 4d 85 10 

25 
‘i 

20 
© 
35) 15 


3035 V,,kaphe 


Fig. 6.18 Height of waves (me- 
ters) computed as a function of 
model intensity of a cyclone 
(pressure deficiency at the center 
Ap = 4013 — po) and its travel 
velocity V, along the SW to NE 
path within the framework of 
the numerical model of storms 
for the Bay of Bengal (alter 
Das, Singh, and Balasubrama- 
niam) 


bays even higher. ‘These huge 
water walls accompanied by 
intonse sea swells and strong 
winds represent the most dev- 
astating forces of storm. 
Height of storm waves un- 
leashed by a tropical cyclone 
may be computed with mathe- 
matical models based on the 
shallow water equations. Some 
shorelines have the diagrams 
calculated to predict swells for 
tropical cyclones in the area. 
Figure 6.18 illustrates such a 
diagram for the Bay of Bengal. 
Tt is seen that the highest 
waves should be expected with 
the slowest cyclone of lowest 
prossure in the center. 
Passage of ‘any tropical 
storm may entail casualties and 
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losses, in spite of warning systoms introduced in many, coun- 
tries,and activated means of protection. ‘Table 6.5 lists the 
most damaging storms of 1974-77. Of the “7 storms recorded, 
casualties have not been reported only for 4 storms, and 5 
storms have not inflicted life lusses; in 12 cases the count 
of people suffered exceeds 100, while in half of the storms 
more than 100 people have been killed. Material losses have 
not been reported for only 3 storms and only in one case the 
loss is reported to have been small; in all the other cases 
material losses have run into significant sums of money. 

‘According to data published in the United States, mate- 
rial losses caused by hurricanes increase from one year to 
the next. In some cases, reportedly, a hurricane caused a di- 
rect loss exceeding a thousand million dollars. However, 
indirect losses due to production break down may add to 
this figure substantially. 

‘The United States develop methods of artificial hurricane 
damping so that to abate the speeds of wind. 'The expected 
resulls have been estimated to diminish the wind in hurri- 
canes by about 15 per cont. This would effect in reduction 
of the hurricane strength by at least 30 per cont. For the 
country it would entail a 100 million dollars diminished loss 
as referred to an average hurricane. If it proves successful, 
similar economy might unburden losses in the other parts 
of the globe. 

High-skill short-range forecasts of motion and evolution 
of tropical storms are another means preserving economy from 
heavy losses, ‘Timely issued warning about a narrowing storm 
may activate ,avoidance measures thus protecting the 
population and" possibly damping inavoidable losses. Accu- 
rate forecasts of storms are also of primary importance for 
the areas depending on theamount of, rainfall. In many 
arid areas tropical cyclones relieve the drought and fill 
water basins and reservoirs. An average tropical cyclone can 
downpour 250-500 mm of rain. In mountainous areas the 
rainfall is 2-3 Limes higher. Correct prognoses on an advane- 
ing tropical cyclone may bo used to advantage in arid areas 
so as to retain the poured water. 

Meteorologists see but another important side of tropical 
cyclones: the influence exerted on the processes of the goneral 
circulation. We have already mentioned the important part 
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Table 6.5 Intensity of 4 duc to tropical storms of 1974-77 
(irom Oe utenalty a gad Tonses no information available) 
oa ie Intonwity a 
Counte Data x lowest erial losses 
y ata Name pres- killed. wounded homeless, Malta) eee 
mb” 

Wid 
Madagascar January Esmeralde ee ae 8 - 13.000 
Tanzania April Horina aie a eee - - - $ 440.000 
Japan july Jilde 
Japan September Polly \ ae ae 163 208 - 28263 miln. yens 
Japan September | shivley J 
Australia December — | ‘Trixi — la] 50 = - 280 miln. dollars 

ITS 
Madagascar January Camille 2 = 2 ~ is 
Madagascar January Fernanda — {963.5 — i ee 
Mauritius Februa Tervese 951.0 a 6 - $150 miln. 
Now Caledonia] March Alison = ie, ses i 55 miln. French franes 
Japan August Phyllis 
Japan September Rita } 4108 oo a 88 bill. yens 
Japan October Kira 
USA Septomber | Heloise — | = | 300 afew people] — a) $450 miln. 
India October = mi ape 85 - = 750 miln. rupees 
Australia December | Joan fea (aera fem - - 25 mmiln, dollars 

1976 
India September - =) do" 40 - - 2240 miln. rapers 
Japan September | Fran — | — | t1s8 167 455 - 250 bill. yens 
Mexico October Liza - — ie 600 200 000 = 700 milf. pecos 
India November = ay | dG, sm 150 a = = 

1977 
Madagascar Tanuary tmilia - | 0) - 34 = 20060) $73 miln. 
Madagascar January Marvoy ss 50, fs. 5 - 6750 - 
Japan July Vera — 0 | — la Few people| - - $% miln. 
Japan August Bimy — | = | 662 0 - - $24 miln. 
Japan September Babe 907.3] — ees 4 189 - $84 miln. 
Japan September imma et fee Pai 9 oe oa ¢8 mib 
India November - oof — | — 10 000 = a = 
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played by the tropical atmosphere in the global circulation 
. ‘Tropical cyclones represent an important part of 
this circulation. Numerical models for climatic outlooks re- 
quire realistic description of all processes in the topical 
atmosphere, including interactions between different scale 
systems, which may bring about disturbances in abasic stream, 
such as tropical cyclones. The tropical storms, in turn, 
exert their influence on the basic current to change its charac- 
ter and thus to extend their efiect on the atmospheric cir 
culation at least on the regional scale. 

Tropical cyclone give rise to intense penetrating convee- 
tion cells producing cumulus and cumulonimbus clouds, which 
are hot tower energy suppliers to the upper atmosphere. The 
energy exported aloft drifts wilh outgoing currents toward 
higher latitudes giving birth to_uew disturbances and, 
hence, transforming procosses of the general circulation. 
In short, tropical cyclones boing the local circulation systems 
can play an essential part in the formation and evolution of 
the global atmospheric circulation. 


Review Questions 


4, List the areas where tropical cyclones appear. Where do 
they occur most ofton? 
2. Which time of the year is marked by the highest frequen- 
cy of tropical storms? 
3. What should be the conditions for a tropical cyclone to 
form? 
4, Describe the process of forming a tropical cyclone. 
5. The oceans play an essential part in forming a tropical 
cyclone. Why? 
6. What is tho effect of convection in appearance and evolu- 
tion of tropical cyclone? 
7. Which stages passes a tropical cyclone in its evolution? 
Characterize each stage. 
8. How can the tropical cyclones be differentiated from the 
viewpoint of their intensity? 
9, How is the surface pressure distributed in a tropical 
cyclone? 
40. What is the wind profile in a tropical cyclone? Where 
can the belt of highest winds be found? 
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41. What are the horizontal and vortical profiles of the tan- 
gential and radial compononts of wind in a tropical 
cyclone? ; 

42. What is tho temperature distribution? 

13. Characterize the cloudiness in a tropical cyclone. 

14. What is an average rainfall brought by a tropical ey- 
clone? Why is this rainfall difficult to moasure? 

15, What approach can bo used to determine the rainfall in 
a tropical eyclono? : 

46. What isthe eye of astorm? Mow can its size be estimated? 
What is the weather in an eyo? 

47. Characterize in general the relation of highest wind and 
lowest pressure in a tropical cyclone? 

48. In which direction and at what speec the lropical cy 
clones travel most frequently? 

49. List main ways to forecast travel of tropical cyclones. 

20. What is in essence the referonco point method? 

21, Deseribo the satellite image of cloud system at various 
stages of development of a cyclone. 

99, How can the evolution of a tropical cyclone be estimated 
from satellite photographs? > | 

23, The satellite image of a cyclone can reveal its intensity. 
How? 

24. How can tho trend of the current evolution of cyclone be 
detormined? : 

25. Forecast the evolution of a cyclone if ab time zero ils 
conditional characteristic is 1-84 , 

26. What are the main dangers of tropical storms? 
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